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(57) Abstract: The invention is an integrated temperature regulator that can be fabricated using conventional semiconductor pro-
cessing technology. The integrated temperature regulator can include a reaction chamber, for example fabricated from PDMS, in
which chemical or biochemical reactions of interest can be carried out. The temperature regular can also be used to regulate the
temperature of some circuits, e.g. an effective-inductance-change based magnetic particle sensor, to achieve a stable operation per-
formance, such as an improved sensitivity. The integrated temperature regulator includes as subcomponents a temperature sensing
circuit that receives a thermal signal from the vicinity of the reaction chamber, a temperature reference circuit, and a temperature
control circuit that controls a heater based at least in part on the difference between the sensed temperature and the reference tem-
perature. The various subcomponents can be programmable.
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FULLY INTEGRATED TEMPERATURE REGULATOR FOR BIOCHEMICAL
APPLICATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to and the benefit of co-pending U.S. provisional
patent application Serial No. 61/068,514, filed March 7, 2008, which application is incerporated

herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY FUNDED RESEARCH OR DEVELOPMENT
(0002] The U.S. Government has certain rights in this invention pursuant to Grant No.

N00014-04-C-0588 awarded by ONR - Space and Naval Warfare Systems Center.

THE NAMES OF THE PARTIES TO A JOINT RESEARCH AGREEMENT
[0003] Not applicable.

INCORPORATION-BY-REFERENCE OF MATERIAL SUBMITTED ON A COMPACT
DISC

[0004] Not applicable.

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0005] The invention relates to temperature control technology for chemical applications
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in general and particularly to a temperature control implementation that provides integrated
control circuitry and heating elements that can be manufactured in a semiconductor processing

_environment,

DESCRIPTION OF RELATED ART

[0006] Chemical and/or biochemical reactions are ubiquitous and fundamental subjects
in both traditional chemistry and the emerging discipline of life science. In general, ambient
temperature plays a vital role in characterizing a reaction process. First of all, based on classical
chemical kinetics theory, both the reaction rate and the equilibrium constant are determined by
temperature for a specific reaction. Moreover, in biochemistry, most reactants as well as
enzymes and inhibitors are macro-molecules, whose functionalities are based on their 3-
dimensional structures maintained by inter/intra molecular weak interactions, such as hydrogen
bonds. Changing temperature, can break and re-form those bonds, and therefore, completely
change the chemical activity of those macro-molecules. In research, tremendous attention has
been paid to try to precisely regulate temperature for a chemical/biochemical reaction that is
investigated. However, these temperature control approaches and designs involve external
heating/cooling devices or require complicated micromachining processes to be implemented. A
number of problems in response time and in precision of temperature control have been
observed.

[0007] There is a need for temperature control technology that can provide faster and

very precise temperature control.
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SUMMARY OF THE INVENTION

[0008] In one aspect, the invention relates to an integrated temperature regulator. The
integrated temperature regulator comprises a substrate having a surface; a temperature sensing
circuit constructed on the surface, the temperature sensing circuit configured to sense a
temperature in the vicinity of the substrate and to generate a temperature signal representative of
the temperature; a temperature reference circuit constructed on the surface, the temperature
reference circuit configured to generate a temperature-independent reference signal; a
temperature control circuit constructed on the surface, the temperature control circuit in electrical
communication with the temperature sensing circuit and the temperature reference circuit, the
temperature control circuit configured to calculate and amplify a temperature difference between
the temperature-independent reference signal and the temperature signal, and configured to
provide as output a heater drive signal based at least in part on the calculated difference; and an
electrical-thermal feedback loop comprising a heater and a reaction chamber, the electrical-
thermal feedback loop configured to provide a thermal signal from the heater and the reaction
chamber to the temperature sensing circuit, the heater and the reaction chamber configured to
provide a thermal environment and a reaction environment, respectively, for a chemical or a
biochemical reaction of interest.

[0009] In one embodiment, the substrate is a semiconductor wafer. In one embodiment,
at least one of the temperature sensing circuit, the temperature reference circuit, the temperature
control circuit, and the heater comprise a structure that is configured to be constructed using
conventional silicon semiconductor processing technology. In one embodiment, the temperature

sensing circuit is configured to provide a signal that is a monotonic function with respect to a
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sensed temperature. In one embodiment, the temperature sensing circuit comprises a
proportional-to-absolute-temperature (PTAT) circuit. In one embodiment, the temperature
sensing circuit is configured to provide a temperature signal having a programmable relation to
the temperature that is sensed. In one embodiment, the temperature reference circuit is
configured to receive an input signal provided by a temperature controlled source that does not
vary as a temperature of the heater varies. In one embodiment, the temperature reference circuit
is configured to provide a temperature reference signal that is programmable. In one
embodiment, the temperature control circuit is configured to provide a control signal to maintain
a temperature at a desired value different from ambient temperature when the calculated
temperature difference between the temperature-independent reference signal and the
temperature signal is substantially zero. In one embodiment, the temperature control circuit is
configured to provide a heater drive signal that is programmable. In one embodiment, the heater
is configured to circumscribe the temperature sensing circuit, the temperature reference circuit,
and the temperature control circuit when viewed in a direction substantially normal to the surface
of the substrate. In one embodiment, the heater is a resistance heater. In one embodiment, the
heater is configured to have a desired shape and a desired dimension.

[0010] In one embodiment, the integrated temperature regulator of claim 1, further
comprises electrical terminals configured to accept as input electrical power and command
signals useful to operate each of the temperature sensing circuit, the temperature reference
circuit, the temperature control circuit, and the heater, and to provide as output signals
representative of one or more operating parameters of the integrated temperature regulator.

[0011] In one embodiment, the electrical-thermal feedback loop is configured to have
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negative feedback. In one embodiment, the electrical-thermal feedback loop having negative
feedback further comprises an integration element configured to provide zero temperature
regulating offset when an ambient temperature is changed or is different from a desired
temperature. In one embodiment, the integrated temperature regulator further comprises a
thermal isolation region around the substrate.

[0012] The invention can also be provided as an array comprising a plurality of ones of
the integrated temperature regulator of claim 1, the array situated on the surface of the substrate.
[0013] The foregoing and other objects, aspects, features, and advantages of the

invention will become more apparent from the following description and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The objects and features of the invention can be better understood with reference
to the drawings described below, and the claims. The drawings are not necessarily to scale,
emphasis instead generally being placed upon illustrating the principles of the invention. In the
drawings, like numerals are used to indicate like parts throughout the various views.

[0015] Fig. 1 is a schematic block diagram of an illustrative embodiment of the
temperature regulator, according to principles of the invention.

[0016] Fig. 2 is circuit diagram for an illustrative PTAT current generation circuit that
provides a current signal proportional to temperature.

[0017] Fig. 3 is circuit diagram for an illustrative PTAT voltage generation circuit that
provides a voltage signal proportional to temperature.

[0018] Fig. 4 is a circuit diagram of an illustrative temperature reference circuit that

5
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provides a reference signal Ys in the form of a current.

[0019] Fig. 5 is a circuit diagram of an illustrative temperature-to-electrical-signal
amplifier circuit that provides a drive signal L,y in the form of a current.

[0020] Fig. 6 is a schematic diagram that illustrates how a plurality of temperature

controllers can be provided in an array.

[0021] Fig. 7 is a circuit diagram of an illustrative temperature sensing and bandgap
circuit.

[0022] Fig. 8 is a graph that shows the simulated values for Vo, and V; for one design
embodiment.

[0023] Fig. 9 is an illustrative circuit diagram that shows one embodiment of the ond

stage of the amplifier together with a heater array.

[0024] Fig. 10 is a graph that shows the temperature controlling circuit performance.
[0025] Fig. 11 is a diagram that illustrates the layout of the heater and the temperature
controlling circuit in a rectangular structure.

[0026] Fig. 12 is a diagram that illustrates the finite element mesh of the heater ring.
[0027] Fig. 13 is a diagram that illustrates the temperature profile of the heater ring with
the ambient temperature of 27°C and heater power of 350mW. The plotting temperature range is
43.5°C to 50°C.

[0028] - Fig. 14 is another diagram that illustrates the temperature profile of the heater ring
with the ambient temperature of 27°C and heater power of 350mW. The plotting temperature
range is 47.5°C to 48.5°C.

[0029] Fig. 15 is a graph that shows the estimated on-chip temperature vs. ambient

6
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temperature.

DETAILED DESCRIPTION OF THE INVENTION

[0030] The temperature regulator technology described herein is fully integrated and
does not need any external heating/cooling devices. This enables further high-level integration
with other structures such as microfluidics. Moreover, the temperature regulator technology can
control the temperature accurately within a miniaturized region. This leads to significantly
reduced power consumption and to short response times and a high control precision in both the
time and spatial domains. Most importantly, our design can be easily extended to a temperature
controller array, where individual chemical/biochemical reaction chambers can have independent
and reprogrammable temperatures. This invention addresses a wide range of possible
applications, such as reaction process characterization and biochemical circuits. It is expécted
that standard semiconductor processing technology can be used to prepare the systems and
devices of the invention. It is contemplated that systems and devices according to the invention
can find use in hybrid lab-on-chip (LOC) for point-of-care (POC) medical diagnostic support
applications.

[0031] First, we describe the invention at a fundamental level with all the core functional
blocks addressed. We then describe several illustrative implemehtation variations. We provide
the details of an illustrative design with simulation results and layout configurations.

[0032] We present a new method of regulating temperatures for chemical/biochemical
applications. Our approach can be divided into four core blocks, including: 1. circuits to sense

the absolute temperature with or without reprogrammable capability; 2. circuits to generate a
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temperature-independent reference signal with or without reprogrammable capability; 3. circuits
to calculate and amplify the temperature deviation to provide suitable electrical signals for
sensing and control; and 4. an electrical-thermal feedback loop comprising a heater and a
reaction chamber. The electrical-thermal feedback loop can include a structure for regulating

temperature, such as a sensor circuit.

ILLUSTRATIVE EMBODIMENT

[0033] Fig. 1 is a schematic block diagram of an illustrative embodiment of the
temperature regulator. The method of operation is also described herein.

[0034] The temperature sensor, indicated as 1, receives a temperature signal that it uses
to measure the absolute temperature of the regulated sample, and provides as output an electrical
signal denoted as Yr. The temperature signal received by the temperature sensor 1 can be any
convenient signal, for example a conducted thermal signal. The temperature reference 2
provides as output a temperature independent electrical signal, Ys, which indicates (or
corresponds to) the programmed target temperature. The temperature to electrical signal
amplifier 3, which can be a differential amplifier of any convenient type, obtains a difference
signal representing the difference between Yrand Ys, amplifies the difference signal, and
provides as output a control signal Yy to control the heater 4a. Note that both Yyand Y can be
in the form of either voltage, current, or power. Both Yrand Y can be either differential or
single-ended and either analog or digital in nature. The heater 4a generates heat according to the
value of Yeu. This generated heat flow conducts through a thermal pathway 4b which includes

the heater, designed sample chamber, and the chip substrate and eventually dissipates to the
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the target temperature set for the regulator.

[0039] | By designing the heater layout geometry both in shape (e.g. circular or square
with/without some island structures in the middle) and dimension, a very homogeneous regulated
temperature profile can be achieved for the location of concern, such as the reaction chamber, the
surface of the substrate or the target electrical circuit for temperature regulating.

[0040] By choosing the substrate shape and material, by providing thermal isolation
around the substrate (top and/or peripheral and/or bottom), and/or adjusting the temperature-to-
heater power gain in the electrical-thermal loop, the temperature regulator can be designed with a

very fast response and quick temperature settling for a temperature regulation operation.

POSSIBLE IMPLEMENTATION VARIATIONS

[0041] We now describe several implementation variations for the aforementioned
elements of the illustrative temperature regulators. The designs provided are examples for
purposes of illustration, and other alternatives that might be implemented are also contemplated,
so that any chemical/biochemical temperature regulator based on the operational mechanisms

described herein are also contemplated.

TEMPERATURE SENSOR 1

[0042] The output Y of temperature sensor 1 can be implemented as any monotonic
function with respect to the temperature. The small signal gain can be defined mathematically,
as expressed in Eq. (1). In particular, a linear relationship can be designed which will give a

constant small signal gain as a function of temperature.
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environment. Based on the design of this thermal path, a new temperature value is set at the
sample, which is again sensed by the temperature sensor 1. This completes the thermal-electrical
feedback path.

[0035] In other alternative embodiments, the temperature signal received -by the
temperature sensor 1 could be any of a signal from a thermocouple, a signal from a thermistor, or
a signal from a pyrometric detector.

[0036] The electrical-thermal feedback loop can also comprise the substrate itself and/or
some electrical circuits on the substrate, such as a biosensor circuit, e.g. the effective-inductance-
change based magnetic particle sensor described in qo-pending application USSN 61/068,513,
the entire contents of which application are incorporated herein by reference for all purposes.
The temperature controller can therefore stabilize the temperature of the substrate and/or the
circuits on the substrate. This could provide a stable operation of the circuits or other circuits on
the substrate to achieve a better performance, such as a better sensitivity/lower drifting/lower |
noise floor for biosensors.

[0037] By using the negative feedback and by programming the feedback loop to have a
high loop-gain, the temperature regulator can more precisely control the temperature that one
wants to regulate. This also achieves a lower temperature regulating offset residual when the
ambient temperature is changed or is different from the target temperature set for the regulator.
[0038] By using an effective integration element in the negative feedback loop, such an
integrator in the digital domain, with some loop dynamics stabilizer, such as electrical or thermal
filters, a higher order thermal loop can be achieved which will have zero temperature regulating

offset at the regulator’s operation when the ambient temperature is changed or is different from
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Gain Ly
R RENInY T ’gf«" Eq (1)

[0043] One circuit that can be used to provide such capability is the PTAT (proportional
to absolute temperature) circuit. In one embodiment, the PTAT circuit shown in Fig.2 can be
utilized for the purpose of temperature sensing.

[0044] Due to the matching between transistors M; and M,, the collector current through
Q) and Q, are the same. Those of skill in the circuit arts will recognize that the operational
amplifier causes equal voltage values to appear at nodes V; and V,. The collector current can be

Velnin) KTnin)
derivedas R qR | This PTAT current can be converted to a proportional PTAT

voltage by adding a resistive load at M3 shown in Fig. 3.
[0045] In Fig. 3, the values of resistors R; and R, can be tuned to have
positive/negative/zero temperature coefficients depending on the specific application that one

intends to implement.

TEMPERATURE REFERENCE 2

[0046] In general, as long as the difference Ys — Yt has enough monotonic gain with
respect to temperature, the regulator can always be functional. In particular, the temperature
reference signal Ys can be designed to be temperature-independent and programmable. The
provision of Ys as a voltage signal is readily achieved through widely used band-gap circuitry.
Fig. 4 is a circuit diagram of an illustrative temperature reference circuit that provides a reference
signal Ys in the form of a current.

[0047] In the temperature reference 2, the operational amplifier forces V; to equal Vi,

11
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One assumes for this analysis that Vi, is temperature independent. For example, Vi, can be
provided by a temperature controlled source that does not vary as the temperature of the specimen
of intefest varies. Therefore, if R; and R, are tuned to have a substantially zero temperature
coefficient, the current through transistor M; will also be temperéture independent. This current is
mirrored through a current source array shown by transistor M, and transistor M3. The total output
current can be further set by using the switch, e.g., Sy, and additional transistors M, and switches

Sy, not shown.

TEMPERATURE TO ELECTRICAL SIGNAL AMPLIFIER 3

[0048] Temperature to electrical signal amplifier 3 takes the difference of the two inputs
Ys and Y+ and amplifies the difference signal to a suitable level to provide a signal large enough to
drive the heater. An offset may be provided to cause the driving signal to be non-zero under
conditions that Ys = Y, e.g., to provide a control signal to maintain a temperature at a desired
value different from ambient temperature. That is, if Y were to correspond to a desired
temperature of 39 °C at a sample of interest, and ambient temperature happened to be 20 °C, a
drive signal would be required to raise the temperature in the vicinity of the sample of interest to
the desired 39 °C. The temperature controller would then increase power as the temperature of the
sample of interest fell below 39 °C and would decrease the power as the temperature of the sample
of interest rose above 39 °C. Note that the gain is preferred to be programmable to control the loop
gain of the thermal-electrical feedback.

[0049] One or a cascade of ordinary differential amplifiers can be used as temperature to

electrical signal amplifier 3 if the inputs are in voltage form. If the inputs are in current format,
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current mirrors can be used directly for this amplification purpose, shown in Fig.5.

[0050] Fig. 5 is a circuit diagram of an illustrative temperature-to-electrical-signal
amplifier circuit that provides a drive signal I,y in the form of a current. In this configuration, the
drain current of the transistmi M, is Ig=Is — It. This current is amplified through a current mirror
array, denoted by M and M3 Switches, such as S1, can be used to set the current amplification

gain.

ELECTRICAL THERMAL FEEDBACK LOOP 4a and 4b

[0051] This is a feedback loop which converts the electrical signals back to the thermal
domain and completes the loop to make the temperature controller operative.

[0052] In various embodiments, the heater can be designed as big power transistor arrays,
resistor arrays or a combination of the two. The important issue is the layout of the heater
structure. Heaters with different geometry that consuming the same DC power will generate
different temperature profiles that determine important performance parameters, such as maximum
temperature Tiax, and the homogeneity of the temperature distribution. In one embodiment, a
heater having a ring structure (or a structure having heaters located at the periphery of an area, for
example circumscribing the temperature sensor 1, the temperature reference 2, and the
temperature to electrical signal amplifier 3) can be used where both the chamber and the
temperature sensing circuitry can be encircled in the middle.

[0053] The chamber can be implemented in various technologies. In one embodiment, a
low-cost polydimethylsiloxane (PDMS) based chamber can be used to deliver and hold the

samples.
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ARRAY CONFIGURATION

[0054] The temperature controller can be extended to an array of temperature controllers
for a system that provides a plurality of controlled areas or reaction chambers, as shown in Fig. 6.
In Fig. 6, an M row by N column rectangular or square array is depicted. Equally well, the shape
of an individual heater can be any convenient shape, such as area-filling regular shapes (e.g.,
squares, triangles, hexagons) or other shapes (circles, mixed shapes).

[0055] By precisely controlling the temperature of M X N local regions, a programmable
temperature distribution can be generated on the global sense with the superposition of all the M X

N temperature profiles. This can be used for biochemical circuit applications.

A DESIGN EXAMPLE
[0056] In this section, we present an illustrative design for a temperature controller.
[0057] In this embodiment, the temperature sensing and bandgap circuits can be

combined together, shown in Fig. 7.
[0058] In Fig. 7, the floating current mirror using transistors M through M, ensures that

V1=V, and Q; and Q, shares the same collector currents. Therefore, this collector current can

be shown as a PTAT current as given by Eq. (2).

- Ve Inin)
¢ Ry—Ry Eq. )
[0059] The voltage V2 is given by Eq. (3), which can be provided as a bandgap voltage

(e.g., independent of temperature).
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R
V= Vr Inin) + V)
Ra =Ry " Eq. (3)

[0060] The PTAT current is mirrored through Ry Here, Ryoaq is chosen to have
positive temperature coefficient (e.g., the resistance vs. temperature behavior typical of metals)
to enhance the temperature-to-electrical conversion gain. The tuning ability is achieved by
implementing Rjoaq as a digital programmable resistor. The simulated behavior of Vo and V; for
the circuit are shown in Fig. 8.
[0061] The crossing points of each of the lines deﬁoting Vout and the line denoting V are
the target temperatures for regulating the operation of the system. The multiple lines
representing Vo, show the capability of temperature setting.
[0062] After suitable DC conversion, the two voltages are fed into a two-stage
differential amplifier block. The second stage together with the heater array is shown in detail in
Fig. 9.
[0063] In Fig. 9, M, is identical to the unit transistor used in the heater array (M; Ma...).
By biasing at a very small current (of the order of 1pA), the gate voltage of M, is close to its
threshold voltage. The op-amp feedback circuit is used to force the common mode voltage of
this stage to track the threshold voltage of M,. Therefore, the output voltage Vo will be ablé to
turn on the heater array only when input voltage swing, V,— V., is less than zero, which will be
determined by the preceding stages. Rjoaq is designed to be digitally programmable to control the
gain. The performance of the driver stage and the heater is shéwn in Fig. 10.
[0064] The band-gap and PTAT voltages show that the target temperature is 39 °C (e.g.,

their crossing point). The curves that depict the Vo to control the heater shown in Fig.9 also
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have a crossing point in the vicinity of 39 °C. The curves labeled Ipc show the DC current

drawn by the heater from a 2.6V supply, and all go to zero at approximately 39 °C. A set of
three curves for both the Vo and Ipc parameters illustrate the gain tuning capability.

[0065] Fig. 11 shows the layout of the heater together with the temperature controlling
circuit. In the embodiment shown in Fig. 11, the length of the heater is 220um. The height of
the heater is 200pm. The width of the heater ring is 30um. The rectangular loop structure of the
heater cells provides sufficient temperature homogeneity. The sensing/controlling circuit is
placed in the middle of the heater to accurately measure the temperature. The temperature
profile simulation results are shown in Fig. 12, Fig. 13 and Fig. 14.

[0066] Fig. 12 is a diagram that illustrates the finite element mesh of the heater ring.
[0067] Fig. 13 is a diagram that illustrates the temperature profile of the heater ring with
the ambient temperature of 27°C and heater power of 350mW. The plotting temperature range is
43.5°C to 50°C.

[0068] Fig. 14 is another diagram that illustrates the temperature profile of the heater ring
with the ambient temperature of 27°C and heater power of 350mW. The plotting temperature
range is 47.5°C to 48.5°C. As shown in Fig. 14, the temperature difference within the heater

ring is less than 0.9 °C.

FABRICATION PROCEDURE
[0069] One recognizes that the devices described require power to perform the control
and heating functions. Therefore, one possible fabrication procedure that can be envisioned

would include beginning with a silicon wafer or a silicon-on-insulator (SOI) wafer and laying out
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and building one or more control circuit array elements each comprising the temperature sensor
1, the temperature reference 2, and the temperature to electrical signal amplifier 3, along with the
necessary power and control traces needed to operate each such control circuit. One would then
deposit a thin insulating layer, such as a few nanometers of silicon oxide or other desired
insulator over the array and the power and control traces and define therein or thereon the
locations of the heater elements and the locations of openings to electrically connect the heater
elements to the control circuits. One would then deposit the heater elements, for example using
metal such as tungsten having a positive temperature coefficient of resistance, and provide the
interconnects between the control circuits and the heaters.

[0070] The PDMS-based micro-fluidic reaction chamber can be placed on top of the
heater ring structure. The bottom PDMS layer is designed to be of submicron thickness, which
helps to assure the close temperature tracking between the chamber and the silicon chip.

[0071] In order to operate the devices describe, one would provide suitable sources of
electrical power of conventional nature, suitable sources of chemical reagents and/or biochemical
materials of interest to be processed, and circuitry and input/output devices to allow a user to
issue commands and to have displayed, recorded, and/or delivered the results of operation of the
devices described herein. Results can include either or both of information about the reaction or
materials of interest that are processed by operation of the devices described, and the physical

result in the form of material of interest processed by operation of the devices described.

DERIVATION OF FEEDBACK LOOP CHARACTERISTICS

[0072] The complete thermal-electrical loop gain can be derived and calculated to be
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approximately 29dB at the maximum amplifier gain, as is shown below. The dominant pole of
this loop is the thermal pole located at a frequency measured in kHz. All the other poles and
zeros due to the electrical circuits are above tens of MHz. This yields a first order loop. The
feedback loop will always remain stable with a loop gain of about 20 to 30 dB.

[0073] Based on the Fourier heat transfer equation Eq. (4), we can approximate it into a

one dimensional case with a coefficient of K, as shown in Eq. (5).

____@*Qﬂ;?gf e %:5 VT - dS Eq. (4

Piissipation = }{Ef'f'{Tr:b:‘»p — Tampions ) Eq. (5)
[0074] We assume that the temperature control circuit has the characteristics of Eq. (6).
Coefficient A is the temperature to power gain.

Poensrated = Fa + AlTear — Tonep ) Eq. (6)
[0075] Py is the stand-by power consumption, and it maintains a basic temperature

difference between the chip and the environment. Also, when the chip only consumes Py, the on-
chip temperature should be Ts;. We represent the environment temperature as Th. This can be

mathematically as shown in Eq. (7).

B =Kopp(Tose — Th) Eq. (7)
[0076] Therefore, equation (6) can be rewritten as Eq. (8).
Pyeneratea = Pa ¥ AlTeor —Tenip ) = o + A (Kg! +x —Tcké@)
faff Eq. (8)
[0077] By conservation of total energy, we have Eq. (9).
Povsors = Pgensratea — Prissiparion
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= F ! 5 ﬁTcm:
[0078] We assume there is a step response of the ambient temperature as in Eq. (10).
Tampiont ) = Tampien @) + AT -uit) =0 Eq. (10)
[0079] The on chip temperature can be solved by combining Eq. (9) and Eq. (10).
B+ KopsT 0 +A{ B s
r _ HQ’ff‘&T - ( K . + A ) sf f * ambient ¢ ﬁng; H§ -
P T Kep +4 [u TR Ceff Merr ] ¥ Kepr + 4 -
Eq. (11)
[0080] The on-chip temperature at different times can be further calculated based on Eq.
(11)
Att=10" Tssmbé-sﬂr = | ami’:ia’nt(uz)
Pu Hs Fr [TH - Tambz‘snt {0}]
T, e o Ty — > ,
S Kepr + A Eq. (12)
At t= Bﬁ- Tca-mbi-ent = me&bi&ﬂt(u) + ET
T P sff[TH amb:sﬂt(u:’]
chip = f{eff Kepr ¥ A Eq. (13)
and
Aft=r10 Ta»mbisnt = Tczmbz’snz(ﬂ} + AT
H& Kaf'f [TH - Tzzvmbéswt(u} - ﬁﬂ - I{ . sff ™
Tonin = o+ Ty — ~ = 0) 4 —LL AT
chip “ g T H K +A RN T Kepr +4 Eq. (14)
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[0081] We can define ATchip as
E
AT pip = o220 AT
B Kt A Eq. (15)
[0082] This quantity AT, indicates the residual temperature offset due to finite

feedback loop gain. When the loop gain becomes very large, e.g., A/Kesr = oo, we will have
ATchip = 0.
[0083] The trend of the temperature performance is illustrated in Fig. 15.

AL Tompient = 11

Pae ) E{s Ff [TH - TL]
Toniw = 77—+ Ty ——————
N # Kepr ¥ A Eq. (16)
and
’ AHgf € [TH - T:{_]
P chig = B+ -
ME T K+ A Eq. (17)
At Tamabi.snt = TH
i
Tc iy — Tss't ==—+T
hip 'Keff H Eq (1 8)
and
Popip = B Eq. (19)
THEORETICAL DISCUSSION
[0084] Although the theoretical description given herein is thought to be correct, the

operation of the systems and devices described and claimed herein does not depend upon the
accuracy or validity of the theoretical description, but rather on the ability to make and use the
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systems and devices according to the methods and procedures described. That is, later
theoretical developments that may explain the observed results on a basis different from the
theory presented herein will not detract from the inventions described herein.

[0085] While the present invention has been particularly shown and described with
reference to the structure and methods disclosed herein and as illustrated in the drawings, it is not
confined to the details set forth and this invention is intended to cover any modifications and

changes as may come within the scope and spirit of the following claims.
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What is claimed is:
1. An ihtegrated temperature regulator, comprising:

a substrate having a surface;

a temperature sensingb circuit constructed on said surface, said temperature sensing
circuit configured to sense a temperature in the vicinity of said substrate and to
generate a temperature signal representative of said temperature;

a temperature reference circuit constructed on said surface, said temperature reference
circuit configured to generate a temperature-independent reference signal;

a temperature control circuit constructed on said surface, said temperature control
circuit in electrical communication with said temperature sensing circuit and said
temperature reference circuit, said temperature control circuit configured to
calculate and amplify a temperature difference between said temperature-
independent reference signal and said temperature signal, and configured to
provide as output a heater drive signal based at least in part on said calculated
difference; and

an electrical-thermal feedback loop comprising a heater and a reaction chamber, said
electrical-thermal feedback loop configured to provide a thermal signal from said
heater and said reaction chamber to said temperature sensing circuit, said heater
and said reaction chamber configured to provide a thermal environment and a
reaction environment, respectively, for a chemical or a biochemical reaction of

interest.
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2. The integrated temperature regulator of claim 1, wherein said substrate is a
semiconductor wafer.
3. The integrated temperature regulator of claim 1, wherein at least one of said temperature

sensing circuit, said temperature reference circuit, said temperature control circuit, and said
heater comprise a structure that is configured to be constructed using conventional silicon

semiconductor processing technology.

4. The integrated temperature regulator of claim 1, wherein said temperature sensing circuit
is configured to provide a signal that is a monotonic function with respect to a sensed

temperature.

5. The integrated temperature regulator of claim 1, wherein said temperature sensing circuit

comprises a proportional-to-absolute-temperature (PTAT) circuit.

6. The integrated temperature regulator of claim 1, wherein said temperature sensing circuit
is configured to provide a temperature signal having a programmable relation to said temperature

that is sensed.

7. The integrated temperature regulator of claim 1, wherein said temperature reference
circuit is configured to receive an input signal provided by a temperature controlled source that

does not vary as a temperature of said heater varies.
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8. The integrated temperature regulator of claim 1, wherein said temperature reference

circuit is configured to provide a temperature reference signal that is programmable.

9. The integrated temperature regulator of claim 1, wherein said temperature control circuit
is configured to provide a control signal to maintain a temperature at a desired value different from
ambient temperature when said calculated temperature difference between said temperature-

independent reference signal and said temperature signal is substantially zero.

10. The integrated temperature regulator of claim 1, wherein said temperature control circuit

is configured to provide a heater drive signal that is programmable.

11. The integrated temperature regulator of claim 1, wherein said heater is configured to
circumscribe said temperature sensing circuit, said temperature reference circuit, and said
temperature control circuit when viewed in a direction substantially normal to said surface of

said substrate.

12. The integrated temperature regulator of claim 1, wherein said heater is a resistance
heater.
13. The integrated temperature regulator of claim 1, wherein said heater is configured to

have a desired shape and a desired dimension.
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14. The integrated temperature regulator of claim 1, wherein said reaction chamber
comprises PDMS.
15. The integrated temperature regulator of claim 1, further comprising electrical terminals

configured to accept as input electrical power and command signals useful to operate each of
said temperature sensing circuit, said temperature reference circuit, said temperature control
circuit, and said heater, and to provide output signals representative of one or more operating

parameters of said integrated temperature regulator.

16. The integrated temperature regulator of claim 1, wherein said electrical-thermal feedback

loop is configured to have negative feedback.

17. The integrated temperature regulator of claim 16, wherein said electrical-thermal
feedback loop having negative feedback further comprises an integration element configured to
provide zero temperature regulating offset when an ambient temperature is changed or is

different from a desired temperature.

18. The integrated temperature regulator of claim 1, further comprising a thermal isolation

region around said substrate.

19. An array comprising a plurality of ones of said integrated temperature regulator of claim
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1, said array situated on said surface of said substrate.
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