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We demonstrate electrically addressable localized heating in fluid at the dielectric surface of silicon-on-

insulator field-effect transistors via radio-frequency Joule heating of mobile ions in the Debye layer.

Measurement of fluid temperatures in close vicinity to surfaces poses a challenge due to the localized

nature of the temperature profile. To address this, we developed a localized thermometry technique

based on the fluorescence decay rate of covalently attached fluorophores to extract the temperature

within 2 nm of any oxide surface. We demonstrate precise spatial control of voltage dependent

temperature profiles on the transistor surfaces. Our results introduce a new dimension to present

sensing systems by enabling dual purpose silicon transistor-heaters that serve both as field effect sensors

as well as temperature controllers that could perform localized bio-chemical reactions in Lab on Chip

applications.
Introduction

The pervasive use of silicon field-effect transistors as switching

elements in integrated circuits has revolutionized all aspects of

modern life.1–4 The field effect structures have also been used as

chemical sensors for many years5 and, more recently, their

nanoscale manifestations have proven to be promising candi-

dates for label-free high-sensitivity detection of biomolecules.6,7

A critical function needed in integrated lab-on-chip devices is

precise local control of temperature in fluid since generally all

bio-chemical reactions are temperature driven. The rapid,

localized, and precise heating of fluids in the range of microliters

to as small as a few picoliters is important for a wide range of

microfluidic applications. DNA amplification by polymerase

chain reaction (PCR) is a prime example of such an application,

where precise cycling of reagents between three temperatures in

the range of 50–90 �C is performed.8 Other applications include

densely packed integrated sensors with distinct active surfaces,9

localized temperature induced cell lysis,10 investigation of reac-

tion kinetics, biological studies, and organic/inorganic chemical

synthesis. If both of these needs – that for label-free high
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sensitivity biomolecular sensors, and that for the precise control

of temperature with high spatial resolution – could be combined

into a single element, a new dimension of devices would be

introduced, and such multi-functional transistors will find broad

applications in many systems that had heretofore required

separate components for each function.

Thus far, most efforts towards localized on-chip heating have

focused on micro-fluidic systems with conduction-based heating

via miniaturized Peltier elements,11 integrated resistive

heaters,12,13 or Joule heating under electroosmotic flow.14 These

methods usually require a heated surface that is in close or direct

contact with the fluid to be heated, as well as the heating of large

substrate areas possibly preventing the integration of multiple

analysis functions on a single substrate. An approach using

a tungsten lamp as an IR source to rapidly heat small volumes of

solution has been demonstrated,15 but scaling up this technique

remains challenging.

Microwave dielectric heating, on the other hand, fundamen-

tally differs from conduction based heating due to its non-

contact mode of delivering energy to the target fluid. In this case,

microwave energy is delivered directly to the intended sample

with no interference from the substrate.16 Furthermore, the

heating can be made to be more spatially selective by simply

confining the electric fields to the desired regions in the micro-

fluidic channel. Also, due to the lack of reliance on thermal

diffusion in microwave heating, faster thermocycling rates and

thus reduced reaction times can be achieved, compared to

traditional techniques.17 The total amount of power (P)

converted into thermal energy with this method is given by

P ¼ u30300(u)|E|2 where u is the applied frequency, 300(u) is the

frequency-dependent loss of the local dielectric constant (encap-

sulates the relative response of the molecules to the applied field

into one constant), and the local electric field E.16 For high

conductivity mediums, 300(u) can be represented as

300ðuÞ ¼ 300dðuÞ þ
s

30u
, where the first term is the energy dissipation
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due to dielectric relaxation, and the second term represents the

conduction losses which can be approximated as the ratio of the

conductivity of the buffer to the applied frequency.18

Several works have demonstrated the use of microwave heat-

ing for a variety of applications, including the heating of bio-

logical cells,19 PCR,20,21 and isolation of DNA.22 In all of these

cases, however, macroscale microwaves have been used, which

will be difficult to scale down to microfluidic devices. On chip

microwave heating has been demonstrated with miniaturized

microwave elements with transmission lines,23 as well as with

thermocycling of PCR buffer solution in a microfluidic well using

microwave energy.24 In another approach, direct heating of the

fluid is also possible through dielectric relaxation at microwave

frequencies,25 but the spatial temperature profile is dependent on

the localization of the electric field, and requires wave guiding

due to the relatively short wavelengths used.

In this work, we present the localized microwave heating of the

fluid in the immediate vicinity of dual purpose sensor-heater field

effect transistors. Local control of temperature on the gate

dielectric of the transistors could also be achieved resistively by

increasing the power dissipated through the active area.

However, the relatively low doping levels of the silicon transistor

active area mandates high electrical biases for heating, which

results in dielectric breakdown near the drain-edge and subse-

quent current leakage through the breakdown spot to the fluid.

Previous work has also demonstrated that the application of

microwaves has the potential for much higher increases in

temperature for a given power than resistive techniques.26 Here,

we demonstrate a novel heating approach by applying time-

varying voltages27 at radio frequencies for the Joule heating of

the mobile ions responding to the electric field within the double

layer at the surface of the dielectric layer. Since there is no direct

current flow, the technique can be used with relatively high

electrical resistance materials. Due to the mobile ions in the

double layer, only the high conductivity region near the surface is

heated, thus providing a method to precisely localize heating

within a few nanometers of the insulator surface of the devices,

with high spatial resolution due to the separate addressability of

each device to be heated.
Fig. 1 Device fabrication and structure. a, Fabrication flow for the FET

sensors. b, Top – schematic showing the device layout – the chip is 4 by

7 mm, with the contact pads at the periphery of the chip. Center – optical

micrograph of a portion of the chip; devices can be independently

addressed, with separate source/drain contacts or a common drain and

separate sources. Bottom – optical micrograph of one device. c, SEM

micrograph of a cross section through a device. Scale bar: 500 nm.
Materials and methods

Device fabrication

Fully CMOS compatible fabrication techniques were used to

realize the silicon field effect devices. 8 inch bonded Silicon on

Insulator (SOI) wafers (SOITEC), doped p type at 1015/cm2 with

a buried oxide thickness of 1450 Å and superficial silicon layer

thickness of 550 Å were laser cut into 4 inch wafers (Ultrasil

Corp.) and used as a starting material. The top silicon was

thinned down to 30 nm via dry oxidation performed at 1000 �C

for 14 min. Subsequently, the top oxide layer was etched away

using buffered oxide etch (BOE) for 30 sec. The active area was

lithographically defined, and a hard mask for etching the silicon

was formed by wet etching the remaining oxide. The exposed

silicon was dry etched for 15 seconds using a STS Deep RIE

machine (SF6, 300 W, 100 mT, 30 sccm flow rate) to form

the active areas. Next, the wafer was oxidized for 7 minutes at

1000 �C to form an implant slowdown layer of 200 Å.
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A photoresist implant mask defined by lithography was used to

implant dopants. Source and drain areas were degenerately

doped by implantation of Boron at 10 KeV at a dose of 1014 cm�2

and tilt of 7�. The implant mask was then stripped off and the

dopant activation and gate oxidation growth, including side-

walls, were performed at 1000 �C for 5 min to grow a gate oxide

of �300 Å (Fig. 1a, part 1). Contacts to the active area were

defined by lithography utilizing a liftoff process. Before metal

evaporation, vias were formed on the silicon dioxide over the

contact regions via etching for 25 sec using BOE. An adhesion

layer of 200 Å of titanium followed by a 800 Å layer of platinum

was evaporated to form metal contacts (Fig. 1a, part 2). After the

liftoff process, Rapid Thermal Annealing (RTA) was performed

at 500 �C for 180 sec in order to lower the contact resistance.

Plasma Enhanced Chemical Vapor Deposited (PECVD) oxide

was deposited as a metal passivation layer in order to minimize

the parasitic conductance through the fluidic environment

(Fig. 1a, part 3). The 5000 Å thick nitride rich PECVD layer was

deposited using a STS 310 PECVD reactor, using nitrous oxide

flow at 249 sccm, and 4% silane in argon flow at 1120 sccm.

Deposition was performed at 300 �C, at 650 mT, using a plasma

power of 20 W for 18 min. Oxide directly over the pad areas was
This journal is ª The Royal Society of Chemistry 2009



Fig. 2 AC heating scheme. a, Scheme for individual AC heating of the

devices. b, Source–drain current for a device after heating. Inset: No

significant increase in leakage current was observed after various applied

AC heating biases.
etched using BOE to expose the pads for probing. Next, areas

over the active area of the devices were defined by lithography.

The wafer was then diced into individual dies of size 4 mm by

7 mm (Fig. 1b). Individual dies were then dry etched using an

isotropic RIE (90 W, CF4, 18 mtorr, 15 mins). This step results in

the final device structure as shown in Fig. 1a, part 4 (SEM cross

section shown in Fig. 1c). Devices were designed to have an

active area width of 2 mm and varying lengths of 5, 10 or 20 mm

in length depending on the device location.

Fluorescent dye attachment

5(6)-Carboxy-X-rhodamine N-succinimidyl ester (ROX SE) was

used for covalent attachment on device surfaces previously

derivatized to expose an amine terminated surface. In short,

surfaces were prepared as follows: After piranha cleaning,

rinsing, and drying to expose surface hydroxyl groups, chips were

placed in a sealed glass container containing a smaller vial filled

with 5% (3-aminopropyl)dimethylethoxysilane in toluene, and

were kept in a convection oven at 100 �C for 24 hours to form

a vapor deposited monolayer. Chips were allowed to cool down

to room temperature and were rinsed with 2-propanol, methanol,

and DI water, and were dried under nitrogen flow. The dye was

reacted with the surface by placing the chips in a solution of

200 mM of ROX SE in 150 mM of sodium phosphate buffer at

pH 8.3 for 3 hours. Next, the chips were rinsed in 2-propanol,

methanol, and DI water, and were dried under nitrogen.

Setup for application of heat and measurement of temperature

A Nikon Eclipse 600 fluorescence microscope was used to image

the surface of the chips, using a TRITC filter to image the ROX

dye. Images were captured with a high resolution cooled CCD

camera (Penguin 600CL). Intensity quantification was extracted

from captured images using MATLAB. All fluorescence images

provided were performed in a wet ambient.

The chips were placed on a brass plate that functioned as

a chuck to form the back contact. Micromanipulator probes

were used to contact the appropriate pads on the chip. The

source and drain contacts were shorted and an AC bias was

applied between the source/drain and the back contact, as is

shown in Fig. 2a, top. To obtain relatively high amplitude AC

voltages, a RF power amplifier (EIN - Model 2100L - 50dB) was

used in conjunction with a function generator (Agilent 33120A).

Before heating the devices a droplet of buffer solution was

dispensed to cover the devices without making contact to the

contact electrodes or probe needles. A 10 MHz AC bias was

applied for an appropriate time depending on the experiment.

The devices were then configured with a standard DC scheme for

sensing (a small voltage was applied between drain and source

while measuring the current as shown in Fig. 2a, bottom), and

transfer characteristics were extracted. The devices exhibit near

ideal transfer characteristics (Fig. 2b) and remain operational in

the voltage range used after heating with negligible increase in

leakage current (Fig. 2b inset).

Localized temperature measurements

To find the decay constant as a function of temperature, exper-

iments were performed on four different devices at four varying
This journal is ª The Royal Society of Chemistry 2009
temperature points. In all experiments, the incident intensity was

kept constant. The fluorescence images of devices at known

temperatures were acquired at regular intervals of 15 seconds for

a total time of 5 min. Device intensities were plotted as a function

of time, and the rate constant was extracted. The extracted rate

constants were plotted as a function of temperature. Data was
Lab Chip, 2009, 9, 2789–2795 | 2791



Fig. 3 FLIC phenomena on transistor surfaces. a, Cross section of the

devices through the red line in Fig. 1b, bottom. tgate is the gate oxide

thickness and twindow is the total thickness of the remaining PECVD

oxide/buried oxide stack. b, Fluorescence pictures and corresponding

oxide and silicon thicknesses for a spectrum of depth profiles. The FLIC

phenomena can be clearly observed, and fluorescence intensities vanish as

tgate approaches the thickness of the thermal oxide. c, Bar graph quan-

tifying the fluorescence intensities from b.
interpreted and fitted to curves assuming that the rate constant is

related to the temperature through an Arrhenius equation.

Generation of the temperature maps was performed by fitting the

intensity of each pixel in the series of acquired images using the

same procedure, and assigning the temperature to each pixel as

a result of the performed fit.

Results and discussion

Using the method described above, we demonstrate the ultra-

localized dielectric heating of fluids using silicon-on-insulator

field-effect devices fabricated with CMOS compatible tech-

niques. The process used to fabricate these devices is compatible

with high volume and low cost fabrication with the potential for

integration with other miniaturized components on the same

platform (Fig. 1b). Each device can be addressed through two

electrical contacts on either side, and operated as a field effect

sensor.28 Electrically addressable heating is accomplished by

applying an alternating voltage at a frequency of 10 MHz

between the active area and the substrate, which are separated by

an electrically insulating buried silicon dioxide (BOX) dielectric

layer26 (Fig. 2a).

Selection of a fluorophore for nanoscale thermometry

Before specific applications are demonstrated using the ‘tran-

sistor-heater’ hybrids, we need to demonstrate the effectiveness

of localized heating and calibrate the temperature close to the

surface. Fluorescent molecule probes have been used in micro-

fluidic systems for monitoring increase in temperature of bulk

fluid volumes by measuring the decrease in fluorescence due to

change in quantum efficiency of the fluorophores.29,30 This clas-

sical technique is inappropriate for our application given the

localized nature of the temperature profile and the additional

noise introduced by background fluorescence in the fluid.

Instead, we use a variation of the ‘bulk’ fluorescence technique to

measure temperature close to the surface in fluid. Specifically,

instead of using the fluorescent decay of quantum efficiency as

a marker of temperature, we chose the fluorescent molecule

Rhodamine X whose degree of photobleaching depends on

temperature (Arrhenius activation) and is proportional to inci-

dent light intensity, i.e. I¼ Ae�k(T)t + Ibg, where A is the initial net

intensity (without the background), and Ibg the background

fluorescence intensity.31 Rhodamine X contains the Rhodamine

101 chromophore, whose quantum efficiency is almost 1.0 and is

known to be nearly independent of changes in temperature32

(Fig. 6a).

Fluorescence interference contrast issues on FET sensors

Fluorescence interference contrast (FLIC) is a phenomenon that

has been discussed earlier,33,34 though not examined on SOI

substrates or on the gate oxide of transistors. When fluorescent

molecules are placed in close vicinity to reflective surfaces, the

emitted light propagates at an angle towards the reflective

surface, is reflected back, and can either constructively or

destructively interfere with the original light. The observed

fluorescence signal is thus modulated based on the distance of the

fluorophores from the reflective surface. In the course of this

work, initial attempts were made to observe fluorescence from
2792 | Lab Chip, 2009, 9, 2789–2795
molecules that were immobilized directly on the thermal oxide on

top of the active area of the devices (gate oxide � 330 Å), but

little to no fluorescence was observed. We examined this problem

by studying the reflectance properties of molecules on oxides of

different thicknesses. The thermal oxide/PECVD oxide stack

over the active area of the devices (Fig. 3a) was varied from

around 350 Å to 750 Å by employing a range of dry release times

in the final fabrication step. All the chips were then immobilized

with the ROX dyes used for the temperature measurement

studies. Results are shown in Fig. 3b and 3c. The fluorescence

signal can be seen to depend dramatically on the thickness of the

oxide upon which the molecules are immobilized, both over the

active area and in the etchback window. For all fluorescent

studies and temperature measurements in this work, a gate oxide

thickness of around 750 Å was used, precisely due to these

observed results. It should be noted that when the devices are to

be used for sensing, a thinner gate oxide would be used since the

maximum sensitivity for field effect sensors is achieved when the

molecules to be detected are as close to the gate oxide as possible.

We used a gate oxide thickness of 750 Å only to demonstrate the

localized heating method since we use fluorescence as the means

to measure the temperatures at the device surface.
Measurement of temperature at the surface of the sensors

Once the device design and fabrication was completed and the

fluorescent dye was covalently attached to the surface, we heated
This journal is ª The Royal Society of Chemistry 2009



the transistors via RF dielectric heating. The position-resolved

decay in fluorescence, and hence the pixel-specific temperature

increase indicated non-uniform heating across the device. The

temperature of the distinct regions was determined by grouping
Fig. 4 Demonstration of the enhanced photobleaching at elevated temper

application of 27 Vrms and 33 Vrms, respectively. In b, the decay curve for a con

decay due to the increase in temperature is evident. c, d, The corresponding flu

a control device.

Fig. 5 Demonstration of the nanoscale thermometry method. a, Calibrati

extracted temperature versus voltage curve demonstrating the effect of the AC b

for the upper and lower regions of the device for a given applied AC voltage. I

c, The heating spatial profile for the devices. On the left, a typical bleaching ex

device (the doped regions) is clearly faster than that for the center regions (und

on the right were generated.

This journal is ª The Royal Society of Chemistry 2009
and averaging the fluorescence intensity over the regions of

interest. The data obtained by averaging the fluorescence

intensity as a function of time was fitted to the function in the

form above at two different voltages (Fig. 4). Our results show
atures. a, b, Sample photobleaching decay curves acquired during the

trol device is also plotted for comparison – the enhanced photobleaching

orescent images are shown to the right taken at 3 min exposure, including

on curve to correlate the temperature with the decay constant. b, The

ias on temperature. The temperature increases are seen to be much higher

nset: a SEM cross section of a typical device used for these measurements.

periment is shown. The decay rate for the top and bottom regions of the

oped regions). The center image is a sample picture from which the plots

Lab Chip, 2009, 9, 2789–2795 | 2793



Fig. 6 Control experiments for the heating and temperature measure-

ment. a, Plot showing the independence of fluorescence intensity of the

immobilized ROX molecules used for photobleaching measurements on

temperature. For all 3 regions of the device (upper, middle, lower) no

dependence of the quantum efficiency of the fluorophores on temperature

is observed. b, Control experiment to lend additional evidence to the

proposed phenomena underlying the photo-bleaching temperature

measurements and the heating mechanism. In the upper set of pictures,

the device is heated without continuous light excitation (devices were

exposed only briefly to light to capture the pictures), and hence without

photo-bleaching. In the middle set of pictures, an AC voltage is applied to

the device but without any fluid. In the bottom set of pictures, when light

and AC voltage is applied to the devices in fluid, enhanced decay of the

fluorescence is observed.
that the lower and upper portions, corresponding to regions

which are heavily p-type doped (>1019) to form a proper

contact to the undoped region at the center of the device reach

a higher temperature than the middle of the device. It is also

evident that increasing the applied voltage results in an increase

in the rate of fluorescence decay, translating into a higher

temperature. We obtain the constants A, k, and Ibg in the

equation mentioned previously through a separate calibration

experiment, where the structure is uniformly heated at a given

temperature by an external heater and the decay of the fluo-

rescent signal is recorded. Given the constants, we use the

position-resolved intensity of each pixel during actual operation

of the device to infer back the temperature and generate

a calibration curve (Fig. 5a). Using this calibration data, we

obtained the temperature on the surface of the devices as

a function of the applied voltage, finding that a range of

33–75 �C is obtainable with an AC voltage range of 24–33 Vrms

using a device 10 mm in length (Fig. 5b). This method was

further extended for the temperature mapping over the regions

of interest by performing the curve fit for every pixel of the

images obtained. By relating the decay constant to the

temperature for each pixel, the surface temperature as a func-

tion of location can be obtained (Fig. 5c). The heat map shows

that the increase in the temperature is non-uniform and there is

an increase in the temperature at the edges of the device as

a result of field crowding due to geometric effects and due to

a transition from a highly doped to a lightly doped region.

Hence, sharp temperature gradients can be created simply

through the control of the doping profile of such devices. It

should be noted that the exact temperature profile depends on

the counter-ion profile on the surface and will vary as a func-

tion of the molecules on the surface, and our experiments serve

as a benchmark for the approximate temperatures that can be

obtained using the method.

We also performed additional control experiments to vali-

date the proposed heating mechanism and measurement tech-

nique. First, we experimentally showed that the fluorophore

used, ROX, emits fluorescence intensities that are independent

of temperature (Fig. 6a), which demonstrates that measured

decreases in fluorescence are due to bleaching, instead of

modulation of quantum efficiency. Also, to further investigate

the photobleaching measurement of temperature, experiments

were performed in a very similar fashion to the actual

temperature measurement, but without exposing the devices to

UV light. When the AC voltage was applied to heat the devices

without light excitation (Fig. 6b, top), no enhanced decay of

the fluorescence was observed. Further, when both the voltage

and light excitation were applied, but in a dry state without the

surrounding fluid and hence no mobile ions, again no enhanced

decay was observed (Fig. 6b, middle). However, when light, AC

voltage, and fluid were applied (Fig. 6b, bottom), normal

enhanced decay results were achieved. The fact that enhanced

decay is observed only when all three conditions are applied

proves that the enhanced fluorescence bleaching is due to

dielectric heating of the fluid, as opposed to other possible

theories that may have yielded the same results – such as

electric field mediated removal of the molecules via redox

potentials, or instability of the fluorophores due to increased

temperatures.
2794 | Lab Chip, 2009, 9, 2789–2795
Conclusion

Our results demonstrate the integration of an additional

dimension to standard transistor sensing elements. This can be

a powerful tool for lab-on-a-chip applications, enabling the

precise spatial and temporal control of temperature profiles on

chip simultaneous with biomolecular sensing. The surface fluo-

rescence thermometry technique can be widely utilized in appli-

cations requiring the study of temperature profiles in nanoscale

structures and interfacial heat transfer studies. These field effect

sensor-heater hybrids could be used to develop a variety of new

tools for lap-on-a-chip applications, including localized

biochemical reactors, highly integrated PCR systems, and

localized heat mediated cell manipulators while also enabling

ultra-sensitive, label-free detection of desired analytes.
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