
Abstract——This paper describes design, fabrication, and

application of the silicon based temperature

controllable micro reactor. In order to achieve fast

temperature variation and low energy consumption,

reaction chamber of the micro reactor was thermally

isolated by etching the highly conductive silicon around

the reaction chamber. Compared with the model not

having thermally isolated structure, the thermally

isolated micro reactor showed enhanced thermal

performances such as fast temperature variation and

low energy consumption. The performance

enhancements of the micro reactor due to etched holes

were verified by thermal experiment and numerical

analysis. Regarding to 42 percents reduction of the

thermal mass achieved by the etched holes,

approximately 4 times faster thermal variation and 5

times smaller energy consumption were acquired. The

total size of the fabricated micro reactor was 37×30×1

mm3. Microchannel and reaction chamber were formed

on the silicon substrate. The openings of channel and

chamber were covered by the glass substrate. The Pt

electrodes for heater and sensor are fabricated on the

backside of silicon substrate below the reaction

chamber. The dimension of channel cross section was

200×100 µm2. The volume of reaction chamber was 4

µl. The temperature of the micro reactor was

controlled and measured simultaneously with NI DAQ

PCI-MIO-16E-1 board and LabVIEW program.

Finally, the fabricated micro reactor and the

temperature control system were applied to the thermal

denaturation and the trypsin digestion of protein. BSA

(bovine serum albumin) was chosen for the test sample.

It was successfully shown that BSA was successfully

denatured at 75°C for 1 min and digested by trypsin at

37°C for 10 min. 

Index Terms——BioMEMS, microreactor, temperature

control, thermal isolation, thermal denaturation,

trypsin digestion

I. Introduction

MEMS techniques are increasingly used in various

fields of bio-chemistry to realize more efficient structures

than conventional macroscopic systems. In addition to

generally used chemical and biological analysis

applications, microfabricated reactors have a number of

advantages in the application of bio-chemical reaction,

chemical kinetics studies, and process development. The

small quantity of chemicals prevents experimental

accidents such as explosion and leakage of the toxic gas.

Because of their small size, microreactors provide high

area to volume ratios, high heat and mass transfer rates.

Moreover, microreactors can be integrated with sensors

and other process unit operations, including temperature

sensors, cooling channels, and detection system, creating

capabilities exceeding those of conventional macroscale

units. New reaction method not achieved with

conventional reactors, e.g., direct fluorination of aromatic

compounds could be possible. The direct fluorination of

aromatic compounds is highly exothermic and thus very

difficult to control on a large scale. Poor solublility of

fluorine results in reactions that proceed at the liquid-gas
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interface. Consequently, localized hot spots are likely to

form in large-scale systems, which can lead to unwanted

side reaction. Among the several advantages in

microfluidic systems, high heat and mass transfer rates

allow reactions to be performed under more accurate and

higher yield condition than can be achieved with

conventional macroscopic reactors [1, 2]. PCR

(polymerase chain reaction) chip is a typical application to

the bio-chemical reaction [3-9]. Fuel cell is another

example of the micro reactor applied to the chemical

kinetics. As a demonstration of process development,

DuPont has synthesized a number of potentially hazardous

chemicals, including isocyanates in 1996 [10]. In this

paper, we proposed and fabricated a thermally isolated

temperature controllable micro reactor having several

etched holes to enhance the thermal performances such as

fast thermal variation and low energy consumption. To

evaluate the effect of etched holes numerically and

experimentally, we fabricated a micro reactor not having

etched holes and compared the acquired numerical and

experimental results each other. Finally, among several

applications of micro reactor, the fabricated micro reactor

was applied to the thermal denaturation and the trypsin

digestion, which are the common bio-chemical reactions

related to the proteins. For the convenience of the explana-

tion, the micro reactor having several etched holes will be

called as a thermal isolation model and the micro reactor

not having etched holes as a normal model.

II. Design, Fabrication and
Implementation

Fig. 1 shows schematic views of the thermal isolation

model whose reaction chamber is thermally isolated by

several etched holes and the normal model which does not

have any etched holes. Micro channel and reaction

chamber are formed on the silicon substrate, and the open

side is covered by glass substrate. Pt heater and sensor are

fabricated on the bottom of the silicon substrate below the

reaction chamber. Since the heat conductivity of glass is

much smaller than that of silicon (ksilicon=148, kglass=1.4

W/m·K), the glass substrate acts as a thermal insulator.

The total dimension of the micro reactor is 37×30×1 mm3

and the dimension of channel cross section is 200×100 µm2.

Reaction chamber is designed to have elliptical shape to

minimize dead volume. The volume of the reaction

chamber is 4 µl. Fig. 2 shows the mask layout of the Pt

electrodes. The heater is located below the reaction

chamber with the similar shape of the reaction chamber to

minimize the undesirable thermal dissipation from the

heater to the silicon substrate. We choose the thickness of

Pt electrodes as 1000 Å. The width of heater electrode is

200 µm and the width of sensor electrode is 50 µm,

respectively. The resistance of Pt heater and sensor at 20 °C

can be determined by the following equation (1) [11]. 

R= (1)

In the above equation (1), ρ represents resistivity (Ω·m)

of Pt, L is the length (m) of the Pt electrode and A is the

cross-section area (m2) of the Pt electrode. The resistivity

of the sputtered Pt is generally varied by sputtering

environment. In this case, the acquired resistivity of Pt thin

film is approximately 18×10-8 Ω·m at 20 °C. The designed

resistance of sensor is 1898 Ω and the acquired resistance

of the fabricated sensor is 1829 Ω (at 20 °C), respectively.

The difference between design value and acquired value

results from the increase of the dimension of Pt electrodes

due to the fabrication errors. 

ρL

A

TAE SEOK SIM et al : FABRICATION, ESTIMATION AND TRYPSIN DIGESTION EXPERIMENT OF THE THERMALLY ISOLATED MICRO REACTOR FOR BIO-CHEMICAL REACTION150

Fig. 1. Schematic view of the fabricated temperature controllable
micro reactor, (a) thermal isolation model, (b) normal model.

(b)

(a)



Fig. 3 shows fabrication process of the thermally

isolated temperature controllable micro reactor. The used

wafer is a double-side polished silicon (100) substrate with

a diameter of 100 mm and a thickness of about 500 µm. At

first, Si3N4 is deposited using LPCVD to the thickness of

1000 Å. The Si3N4 layer is patterned by photolithography

and etched down to the silicon by reactive ion etching

(RIE). And then the silicon substrate was etched to a depth

of 100 µm by deep reactive ion etching (DRIE) to form

reaction chamber and micro channel. To pattern holes to

be etched on the other side of silicon substrate, the above

processes such as photolithography and RIE are repeated.

Si3N4 layer on the top of the silicon substrate is etched

away to reveal silicon surface. 

The silicon substrate is cleaned with the H2SO4 to

remove small organic particles completely before anodic

bonding. A glass substrate with a thickness of 500 µm was

cleaned with H2SO4 and laminated by a BF410 film

photoresist. The BF410 photoresist was patterned by

photolithography to form inlet and outlet holes, and the

glass substrate was sandblasted. After alignment, the

sandblasted glass substrate was anodically bonded with the

previously fabricated silicon substrate. The back side of

silicon substrate is etched away using KOH wet etchant

(30 wt%, 80 °C, 6.5 hours) to form etched holes. Then the

heater and sensor patterns are fabricated by lift off process.

A Ti film of 200 Å and a Pt film of 1000 Å are deposited

on the patterned bottom side of the silicon substrate by dc

off-axis magnetron sputtering. Ti thin film is used as an

adhesion layer. The completed wafer was diced into

individual temperature controllable micro reactors. The

fabricated micro reactors are shown in fig. 4. 

To measure and control temperature of the reaction

chamber, an external temperature control system is

constructed, as shown in fig. 5. Wheatstone bridge is used

to transform the resistance variation of the Pt sensor to

voltage variation. The measured voltage is amplified by

the instrumentation amplifier (AD524) and transferred to

the analog input of the data acquisition board (DAQ PCI-

MIO-16E-1). The resolution of the DAQ board is 2.4 mV

for the range of 0 - 10 V. But the actual voltage range of

the Pt sensor is very small compared to the full range of

data acquisition board. Therefore it is desirable to amplify

the voltage of Pt sensor. The amplification of the measured

voltage increases resolution in reading the temperature and
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Fig. 3. Process sequences for the fabrication of the thermally isolated
temperature controllable micro reactor. (a) 1000 Å LPCVD Si3N3, (b)
PR patterning, (c) DRIE & PR remove, (d) PR patterning (back side
of the silicon), (e) Si3N3 patterning & PR remove (back side), (f)
Si3N3 remove by RIE, (g) glass substrate cleaning with H2SO4, (h)
BF410 film patterning, (i) sandblasting, (j) anodic bonding, (k) KOH
wet etch, (l) Pt patterning by lift-off process (Ti: 200 Å, Pt:1000 Å).

Fig. 2. Layout of the Pt heater and sensor electrodes.



decreases measurement noise due to the low resolution.

The operational amplifier (Trek 50/750) gives amplified

power to the Pt heater in proportion to the analog output of

the data acquisition system. In this case, the programmed

PID control algorithm adjusts the analog output to control

the temperature as fast as possible. 

III. Numerical Analysis

To estimate the effect of the etched holes as a thermal

insulator on the thermal dissipation, three dimensional

numerical analyses of the proposed thermal isolation

model and the normal model were conducted with the

ANSYS simulator. The assumptions for the ANSYS

simulation are as follows; 

(a) Silicon substrate is a homogeneous material.

(b) Air exists with isotropic distribution.

(c) Steady state.

The heat conductivity of the silicon substrate is set to

148 W/m·K and convection coefficient is set to 5 W/m2·K

as a simulation parameter. Fig. 6 shows the three

dimensional steady state heat distributions and the cross-

sectional heat distributions of each model. In the three

dimensional heat distribution profile (Fig. 6-(a), (b)), it is

shown that the reaction chamber of the thermal isolation

model is thermally isolated and the heat is condensed to

the reaction chamber. Considering the section from b to b′,

this inclination is critically shown. The etched holes

prevent thermal dissipation through the silicon substrate

and increase temperature difference along with the

distance from the center as shown in fig. 6-(c), (d). 

Fig. 6. The ANSYS simulation results about the heat

distribution of the micro reactor. (a) three dimensional heat

distribution of the thermal isolation model, (b) three

dimensional heat distribution of the normal model, (c)

cross-sectional heat distribution of the thermal isolation

model, (d). cross-sectional heat distribution of the normal

model.
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Fig. 4. Photographs of the fabricated micro reactors. (a) thermal
isolation model, (b) normal model.

(b)

(a)

Fig. 5. Schematic diagram for the interface of micro reactor and the
external temperature control system. (a)



Although the temperature difference between the

center and the edge of micro reactor is small, it is

successfully shown that the fabricated etched holes still

remain as low temperature and block the thermal

dissipation from reaction chamber by insulating the

thermal conduction through the silicon substrate. From

these results, it can be inferred that due to the prevention

of the undesirable thermal dissipation by the etched holes,

heat can be transferred from Pt heater to the reaction

chamber without thermal dissipation in the transient state.

IV. Exprimental Results
and Discussions

A. Evaluation of the Fabricated Pt sensor

The experiment for the characteristic of the Pt sensor

was conducted in an environmental chamber to minimize

noises from the air convention and the circumstance

condition. The resistance measurement of the Pt sensor with

respect to the various temperature is conducted four times,

and the results are averaged. The range of temperature for

the measurement is from 20 °C to 80 °C, which covers a full

range needed to the protein reactions. The temperature range

for the protein reactions is typically from 30 to 60 °C. Fig. 7

shows the results of the resistance measurement. The

resistance of the Pt sensor shows a good linearity within the

measured temperature range with negligible standard

deviation (±0.5 Ω). The linear property of the Pt sensor can

be expressed by the equation (2) [11, 12], 

R=R0×[1+α(T-T0)] (2)

Where R is the resistance of the Pt sensor electrode at

temperature T (°C) and α is the TCR (temperature

coefficient of resistance) of the Pt thin film. The acquired

TCR of the fabricated Pt thin film is 2.02×10-3 °C-1.
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(b)

(c)

(d)

Fig. 6. The ANSYS simulation results about the heat distribution of
the micro reactor. (a) three dimensional heat distribution of the thermal
isolation model, (b) three dimensional heat distribution of the normal
model, (c) cross-sectional heat distribution of the thermal isolation
model, (d). cross-sectional heat distribution of the normal model.



B. Temperature Control of the Micro Reactor

The evaluation for temperature control system was

conducted at the generally used temperatures in protein

reaction, e.g., 37 °C and 50 °C. The normal model was

used to evaluate temperature control system because the

normal model would be the maximum load to the

temperature control system. The reaction chamber of the

microchip is filled with DI water and heated to 37 °C and

50 °C. As shown in fig. 8, the precise temperature control

is achieved with small overshoot (0.1 °C) and steady state

error (±0.04 °C). The programmed PID controller

successfully adjusts the analog output to control the

temperature of reaction chamber. The applied power is set

not to exceed 2 W. The heated micro reactor is cooled by

natural air convection. Since the PID controller cannot do

anything for the rapid cooling, the cooling rate is strictly

proportional to the temperature difference with the

circumstance. Therefore an external cooling device is

needed to acquire the rapid cooling rate regardless to the

condition of circumstance. 

To confirm the long time stability of the temperature

control system, temperature of the micro reactor was

controlled for over 130 hours at the fixed temperature of

37 °C. As shown in fig. 9, the temperature is controlled

stably for a long time with steady state error less than ±

0.04 °C.

C. Effects of the Etched Holes

To verify the effects of the etched holes, the temperature

control experiments using two models were conducted and

their results were compared each other. As shown in fig. 10,

the thermal isolation model shows more rapid thermal

variation as expected. Rising time of the thermal isolation

model is approximately 4 times faster than that of the

normal model. 

The acquired rising times (time from 10 percent to 90

percent of the target temperature) of the thermal isolation

model and the normal model are 2.2 sec and 9 sec,

respectively. Falling time of the thermal isolation model

becomes faster than that of the normal model as well. The

amount of the applied energy during the temperature
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Fig. 7. Statistical plot of sensor resistance with respect to temperature. Fig. 8. Plot of the controlled temperature and the applied power.

Fig. 9. Plot of the long time temperature control and the applied power.



increase of the reaction chamber is also reduced. The

amount of applied energy is calculated by integrating the

applied power with respect to the time. As a result of

calculation, the consumed energies by the thermal

isolation model and the normal model are acquired as 4.06

J and 20.35 J, respectively. The consumed energy of the

thermal isolation model is 5 times smaller than that of the

normal model. These faster thermal variations and lower

energy consumption more than two times assure that the

reduction of the thermal mass is not the only factor of the

performance enhancement of the micro reactor, because

the reduction of thermal mass due to the etched holes is

only 42 percent of the normal model. Therefore, from the

results of experiment and simulation, it can be inferred that

the performance enhancement of the micro reactor is

related to both the reduction of thermal mass and the

prevention of thermal dissipation by the etched holes. 

D. Application

With the instrumented temperature control system, the

fabricated micro reactor is applied to the thermal

denaturation and typsin digestion. BSA (bovine serum

albumin) is chosen for the test sample which is one of the

standard proteins for the mass spectrometry. BSA is

dissolved in DI (de-ionized) water to make a concentration

of 0.2 M. Trypsin is dissolved in aqueous 25 mM

ammonium bicarbonate solution (pH 7.8) with a

concentration of 4 M. 3 µl of BSA solution is loaded on

the outlet of the microreactor with the pipette. And then,

the loaded BSA solution is injected into the heat-

controllable reaction chamber by capillary force. All the

inlets and outlets are sealed with the PDMS cover to

prevent evaporation of the BSA solution. After that,

thermal denaturation is performed at 75 °C for 1 min. And

then, the denatured BSA is exhausted to the outlet and 1 µl

of trypsin solution is added and mixed after chilling down

to 37°C. The mixture is injected into the reaction chamber

again. And BSA is digested by trypsin at 37°C for 10 min.

The fluidic control of mixture is achieved by the pressure

control using syringe connected to the inlets. The digested

BSA was collected with the pipette and analyzed by the

MALDI-TOF-MS (matrix assisted laser desorption

/ionization time of flight mass spectrometry). As soon as the

digestion is completed, all solutions in the chamber are

pushed out with syringe. The digested solution is mixed with

the same volume of 10 mg/ml -cyano-4-hydroxycinnamic

acid (Sigma) in aqueous 70 %(v/v) acetonitrile

immediately. The mixed solution is spotted on the MALDI

probe. MALDI MS analysis is performed with a Bruker

Datonics Biflex IV time of flight mass spectrometry

(Bruker, Germany) with delayed extraction condition,

operating with a pulsed N2 laser at 337 nm. Positive ion

mass spectra are acquired using reflector mode with an

accelerating voltage of 20.0 kV. Each spectrum is the

average result of 100 laser shots. Mass calibration was

achieved using an external standard. Fig. 11 shows the

MALDI-TOF-MS spectrums of the digested BSA. The

acquired peak is compared to the standard MS spectrum of
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Fig. 10. Plots of temperature control results of the thermal isolation
model and the normal model. (a) temperature vs time, (b) applied
power vs time.

(b)

(a)



BSA. And then the number of matched peaks to the

standard MS spectrum is counted. The thermally denatured

BSA shows more matched peptide peaks and the increased

intensity (Fig. 11-(b)). The number of acquired matched

peaks is 11. The unmatched peaks result from the

contamination during experiment. The sequence coverage

is about 20 %, which is enough for the MS analysis. This

means that the BSA was successfully denatured by the

fabricated micro reactor at 75 °C and digested by trypsin at

37 °C with the precise temperature control, because the

digestion and the denaturation of BSA are sensitively

dependent to the reaction temperature. Unmatched peaks

result from the contamination during experiment.

V. Conclusions

We have fabricated and estimated the thermally

isolated temperature controllable micro reactor and

temperature control system. The temperature of the

fabricated micro reactor could be controlled by the

instrumented temperature control system with small

overshoot (0.1 °C) and steady state error (±0.04 °C). The

performance enhancement, feasibility and the durability of

the fabricated thermally isolated temperature controllable

micro reactor and temperature control system were

approved by the thermal experiment. It was shown that the

heating and cooling rates became faster and the energy

consumption became smaller in the thermal isolation

model due to the reduction of thermal mass and the

prevention of thermal dissipation. The fabricated micro

reactor stably operated for more than 130 hours. The result

of the numerical analysis showed that the etched holes

successfully acted as a thermal insulator to the steady

state. As a result, the etched holes played an important role

in the thermal insulation and the reduction of thermal mass

for the performance enhancement of the micro reactor. The

thermal isolation model shows Therefore, it would be the

best method to use the etched holes for the performance

enhancement of the silicon based temperature controllable

micro reactor. Finally, it was shown that the fabricated

micro reactor is successfully applied to the bio-chemical

reaction with precise temperature control. Protein was

successfully denatured and digested by the fabricated

micro reactor and temperature control system within 11

minutes.
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