
1

Microfabrication of High Temperature Silicon

Devices Using Wafer Bonding and Deep

Reactive Ion Etching

Amit Mehra, Arturo A. Ay�on, Ian A. Waitz, and Martin A. Schmidt

Portions of this work were presented at the Transducers Research Foundation Hilton Head Workshop on Solid-

State Sensors and Actuators, 1998. Amit Mehra and Ian A. Waitz are with the Gas Turbine Laboratory, De-

partment of Aeronautics and Astronautics, Massachusetts Institute of Technology, Cambridge, MA 02139. Arturo

A. Ay�on and Martin A. Schmidt are with the Microsystems Technology Laboratories, Department of Electrical

Engineering and Computer Science, Massachusetts Institute of Technology, Cambridge, MA 02139.

November 18, 1998 DRAFT



2

Abstract

As part of an e�ort to develop a micro gas turbine engine capable of providing 10-

50 Watts of electrical power in a package less than one cubic centimeter in volume, we

report the fabrication and testing of the �rst hydrogen combustor micromachined from

silicon. Measuring 0.066 cm333 in volume, and complete with a fuel manifold and set of fuel injector

holes, the fabrication of the device was largely enabled by the use of Deep Reactive Ion Etching (DRIE)

and aligned silicon wafer bonding. The 150 Watt microcombustor has a power density in excess of

2000 MW/m333 and has been successfully demonstrated to provide turbine inlet temperatures up to 1800K.

After �fteen hours of experimental tests, the combustor maintained its mechanical integrity and did not

exhibit any visible damage. Combined with the results of a materials oxidation study, these tests are used

to demonstrate the satisfactory performance of silicon in the harsh oxidizing environment of a combustion

chamber.

I. Introduction

Micro heat engines employing gas turbine components have recently been introduced as

a potential means for generating power [1]. The increased power density resulting from

the cube-square law1, combined with the higher strength-to-density ratio of silicon micro-

structures makes such devices an attractive prospect [2]. The realization of power-MEMS

however, poses new fabrication challenges. While preliminary results do indeed suggest

their manufacturability [3], the requirement for complex uid channels and high aspect

ratio structures is complicated by the high temperature operating environment of the

engine. The presence of a combustion chamber to convert the chemical energy of a fuel

into uid thermal and kinetic energy necessitates gas temperatures close to the melting

point of silicon [4]. Thus, the ability of silicon structures to withstand these working

conditions needs to be investigated.

As part of the MIT microengine project introduced and motivated by Epstein et al: [5],

an e�ort is currently underway to develop a micro gas turbine engine capable of producing

10-50W of electrical power in a package less than one cubic centimeter in volume. This

paper concentrates on the fabrication aspects of a hydrogen combustor for this engine.

1Since the power output of an engine scales with mass ow, and hence the area, and the weight scales with

the volume, the power density of a microengine linearly increases as the size of the device is reduced. The linear

increase in power density however, is hindered by the additional thermal and uid losses that are incurred at

the micro-scale.
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The primary contribution of this work is the microfabrication and testing of a device

that is capable of running at gas temperatures several hundred degrees above the melting

point of silicon, while providing power densities higher than those achieved by large-scale

combustors used for power generation or aircraft engine applications.

We �rst begin with a brief review of silicon power-MEMS previously reported in the

literature. The fabrication and testing of the hydrogen microcombustor is presented next.

Section III describes the microfabrication process; test data is presented in Section IV.

The results of a materials study that establish the viability of using silicon in such devices

are also reported in Section IV. Finally, Section V includes a summary and conclusions.

II. Silicon Power-MEMS

The microengine is mainly targeted for portable power generation and micro air vehicle

propulsion. For these applications, the power density of the energy conversion unit is the

primary �gure of merit. Therefore, before presenting the results for the microfabricated

silicon combustor, we briey review chemical, electrical, magnetic and solar power-MEMS

previously reported in the literature. This section is primarily intended to summarize the

power density levels that have been achieved to date using silicon microfabricated devices.

Silicon microfabrication concepts have been identi�ed as a viable means of miniaturizing

chemical reactors to improve chemical process development and operation [6]-[8]. Although

these reactors are not intended for power generation, the exothermic partial oxidation reac-

tions employed in these processes can generate substantial thermal energy. Microfabricated

chemical reactors have been reported by Jensen et al. [9] and Srinivasan et al. [10], [11].

The T-shaped reactor features a 18 mm � 1.3 mm � 0.55 mm reaction zone that can be

used to study the catalytic partial oxidation of ammonia. Typical experiments produced

approximately 0.25 Watts of power from the heat of reaction, resulting in power densities

of the order of 20 MW/m3.

Since motors use electrical or magnetic power to generate mechanical torque, they can

also be categorized as silicon power-MEMS. Electric motors are reported to have gener-

ated 100 �Watts, the power density being approximately 1.7 MW/m3 (Tai [12], Mehre-

gany [13], [14]). Magnetic micromotors fabricated by Ahn and Allen [15], [16] have a power

output of 60 �Watts and a power density of 200 MW/m3. It should be noted that these
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numbers are based on the �eld density of the air gap only; since the dimensions of the

device are much larger, the device power density per unit volume will be lower.

Miniaturized solar cells and lithium microbatteries have also been proposed as inte-

grated power sources for MEMS applications. Solar cell arrays generate approximately

400 �Watts; the estimated power density being �1 MW/m3 [17]. Rechargeable solid

state lithium microbatteries are reported to produce 40 �Watts at a power density of

0.4 MW/m3 [18].

In addition to microfabricated silicon power-MEMS, conventionally fabricated devices

have also been used to generate power at similar scales. In particular, metallic channel

ow reactors employing controlled H2-O2 reactions have been used as heat exchangers

and evaporators [19]-[21]. Using a platinum catalyzed reaction of H2 and O2, Hagen-

dorf et al. [21] have reported a maximum heat generation of 150 Watts in 1 cm3 volume.

This corresponds to a power density of 150 MW/m3.

The power density of the devices mentioned above are summarized in Table I. While

this is not an exhaustive review of all the silicon power-MEMS reported in the literature,

it tabulates the power levels that have been achieved to date, and serves to place this

research in the perspective of what has been done before.

We now present the fabrication and test results for the silicon microcombustor

III. Fabrication of the Microcombustor

The microcombustor assembly consists of three fusion-bonded silicon wafers. A scanning

electron micrograph of the �nal microfabricated silicon combustor is shown in Figure 1,

along with a schematic illustration of the fuel and air ow paths, the fuel manifold and

injector holes, and the combustor inlet ports. Air enters the device axially from the top,

makes a right angle turn and ows radially outward through a duct where the compressor

would be housed. Hydrogen is injected downstream of the compressor region through fuel

injector holes and is allowed to mix with the air before entering the combustion chamber

through the axial inlet ports. The mixture burns in an annular-shaped chamber and

�nally exits axially through a circular exhaust. In an engine application, the ow would

pass through a turbine for power extraction prior to being exhausted.

The overall combustor arrangement was set by preliminary design studies for the micro
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Device Power

density

(MW/m333)

Micro-lithium batteries [18] 0.4

Micro solar cells [17] 1

Micro-electric motors [14] 1.7

Microreactors (silicon) [11] 20

Large-scale combustors [4] 40

Micro channel reactors (metal) [21] 150

Micro-magnetic motors [16] 200

Silicon microcombustor 2000

TABLE I

A comparison of the power density levels achieved by various devices.

gas turbine engine [5], [22]. The axial length and volume of the combustor were chosen in

accordance with computational uid dynamics (CFD) predictions for the minimum volume

necessary for complete combustion at atmospheric pressure. The combustion chamber is

an annular region 1 mm in height, with volume of 66 mm3, and an inner and outer diameter

of 5 mm and 10 mm respectively.

The fuel injector size and spacing was based on semi-empirical models for normal jet

injection and mixing to satisfy lateral spreading and penetration requirements [4]. The

�nal device consisted of a total of 76 injector holes with a diameter of 30 �m, equally

spaced at a radius of 3 mm. A total of 24, 340 �m diameter combustor inlet ports were

designed to eliminate upstream propagation of the ame into the compressor exit ow

path.

The fabrication of the device required a total of six masks, including one that contained

wafer-level alignment marks. A combination of four dry isotropic and two dry anisotropic

etches were used to de�ne the various components.

The fabrication process is illustrated via schematics of the wafer cross-sections in Fig-
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ure 2. First, the top side of each of the wafers was coated with photoresist and patterned

with the appropriate fuel manifold, spacer plate and combustion chamber geometry. The

200 �m deep fuel manifold and spacer plate, and half of the 1000 �m deep combustion

chamber were isotropically dry etched. Since none of these features required parallel side

walls, isotropic etching was chosen to minimize process time2. After completing the top

side etches, the bottom side of the wafers were coated with resist; infra-red alignment was

used to pattern the corresponding fuel injectors, combustor inlet ports and combustion

chamber geometry on the bottom side. The 200 �m deep fuel injectors and combustor

inlet ports were then anisotropically dry etched. (The combustion chamber was etched

from both sides to limit the run-out in the side walls of the combustor).

Following the completion of individual processing, the three wafers were align-bonded.

The 1.8 mm thick wafer stack was �nally die-sawed to obtain thirteen 1.5 cm � 1.5 cm dies

from the 100 mm wafer. Individual scanning electron micrographs of each of the wafers is

shown in Figures 3 through 5. The major fabrication steps are explained as follows:

A. Photolithography

For all of the deep etches, the wafer surfaces were patterned using techniques similar to

those reported in [23]. Following a dehydration bake in an HMDS (hexamethyldisilazane)

oven, approximately 10 �m of thick positive photoresist (Hoechst, AZ-4620) was spun cast

on the wafer surface. The resist was pre-baked for one half hour in a 90�C convection oven

and then exposed using a contact mask aligner with a UV light source. After developing

in AZ 440 MIF, the photolithography was completed with a post-bake in a 120�C ambient.

B. Deep Reactive Ion Etching

Following the evolution of Bosch's patented technique for time-multiplexed deep etching

(TMDE) [24], DRIE combined with silicon fusion bonding are becoming enabling tech-

nologies for MEMS devices [25], [26]. Likewise, the use of DRIE to etch high aspect ratio

structures for complex uid paths is also critical for the fabrication of the microcombustor

test rig.

2Compared to etch rates of approximately 3 �m/min for anisotropic etching, rates of up to 7 �m/min could be

achieved using isotropic etches.
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The microcombustor was fabricated using a combination of dry isotropic and anisotropic

etches. The isotropic etches employed straight SF6 chemistry. The anisotropic etches used

a time-multiplexed inductively coupled plasma of SF6 as the etchant and C4F8 as the side

wall passivating polymer. The performance of the etcher was optimized by characterizing

the etches over a wide parameter space [27], allowing fabrication of high tolerance and

high aspect ratio structures such as the 30 �m diameter, 200 �m deep fuel injector holes.

In all through-etches, photoresist was used to attach quartz handling wafers to the

bottom of the wafer. This maintained the vacuum seal for the helium cooling on the back

side as the etch penetrated through the wafer.

C. Aligned Wafer Bonding

After individual processing, each of the wafers were put through a standard RCA

clean [28]. They were then align-bonded using a commercial aligner (Electronic Vi-

sions, Inc.). The bonding was completed in two steps - the �rst and second wafers were

bonded �rst; the stack was then annealed, RCA cleaned, and �nally bonded to the third

wafer. Consistent with results reported in [29], a one hour post-bond anneal in an in-

ert ambient at 1100�C was found to signi�cantly improve bond quality. Figure 6 shows

an infra-red image of the double-bonded three-wafer stack. Although the image shows

large fringes indicating poor quality of the bond along the edges of the wafer, over 80%

of the die survived the die-saw process. Out of a possible sixteen, thirteen fully-bonded

and complete microdevices were �nally obtained. It should be noted that these results

represent one of the earlier attempts at multiple wafer bonds. Since then, the wafer

bonding protocol has been changed. The wafers are now bonded in a vacuum

and the tooling has been modi�ed such that it contacts the wafer at only three

point locations. These changes have recently resulted in nearly 100% yields at

die-saw for devices with similar multiple wafer bonds [3].

Following the completion of the fabrication process, the microcombustors were tested by

clamping the structure in a set of invar plates. A 3-D exploded schematic of the assembled

rig is shown in Figure 7. The invar plates served a dual function - they provided macro

uidic connections for fuel and air and also housed thermocouple temperature diagnostics

for measurement of combustor wall and exit gas temperatures. The atmospheric test
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results for the hydrogen-fueled combustor are presented in the following section.

IV. Test Results

A. Atmospheric Pressure Combustion Tests

Atmospheric pressure test results were obtained for hydrogen-air combustion over most

of the ammability range. While detailed results for combustion exit temperatures and

e�ciencies were reported in [30], only selected results for the wall and exit gas temperature

are presented herein. Figure 8 plots the gas temperatures measured at the exit of the

combustor as a function of the equivalence ratio3. This shows the satisfactory attainment

of a combustor exit temperature in excess of 1600K that is necessary to complete the

thermodynamic cycle and obtain useful power output from the micro gas turbine engine4.

Even though desired turbine inlet temperatures were obtained, poor thermal isolation

of the rig resulted in signi�cant heat loss, thereby keeping the walls of the combustor

relatively cooler than the gas temperatures. Figure 9 plots the temperature of the top

and bottom invar plates that clamped the microfabricated device, and indicates that the

combustor wall temperature remained well below the melting point of silicon5.

Currently, e�orts are underway to improve the thermal insulation of the rig and reduce

the heat loss through the device to increase combustor e�ciency. While improved thermal

insulation is expected to increase the wall temperature, the reduction in fuel needed to

achieve the desired turbine inlet temperatures would also correspondingly lower the com-

bustion chamber temperature. This suggests that the walls could continue to operate at

relatively cooler temperatures, even when thermal insulation and combustor e�ciency are

further increased.
3Equivalence ratio, which is a measure of the amount of fuel in the mixture, is the fuel-air ratio normalized by

the stoichiometric value of the fuel-air ratio. Thus, at an equivalence ratio of one, the fuel and air burn

stoichiometrically with no excess oxygen or fuel.
4Temperatures as high as 1800K were obtained for premixed hydrogen-air combustion. In this case, the fuel

was mixed upstream of the fuel manifold instead of being injected through the injectors. The lower non-premixed

temperatures are attributed to a misalignment of the wafers, resulting in a reduction of the mixing length on one

side of the combustor, and hence, incomplete mixing.
5The results of a computational heat transfer analysis showed that the entire structure is isothermal within 100K.

(This is expected given the high thermal conductivity of silicon, and hence, the low Biot numbers for the device).

Consequently, in the absence of diagnostics to directly measure the silicon wall temperatures, the temperatures of

the top and bottom invar walls were used as proxies.
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Overall, while high pressure testing and improved combustor diagnostics still need to be

employed, the combustor has been successfully tested to provide turbine inlet temperatures

in excess of 1600K. With a fuel heating rate of approximately 150W (corresponding to a

power density of 2000 MW/m3), the device was tested for over �fteen hours. As shown

in Figure 10, the combustor maintained its structural integrity and showed no visible

damage. These results demonstrate the satisfactory performance of a micromachined

silicon combustor for applications in a micro heat engine.

B. Materials, High Temperature Oxidation Results

As shown in Figure 10, post-combustion examination of the silicon microcombustor

indicated oxidation patterns around the structure and the combustor inlet ports. A ma-

terials study was consequently undertaken to further quantify the e�ects of oxidation in a

combustion environment.

As part of this study, a combustor plate consisting of \�nger-like" structures with sizes

between 20 �m � 500 �m � 450 �m and 1600 �m � 2000 �m � 450 �m was fabri-

cated and tested inside the combustor. Shown in Figure 11, the plate was fabricated by

anisotropically etching through a single 450 �m wafer.

The structure was exposed to a combustion environment for over eight hours at atmo-

spheric pressures and ow temperatures in excess of 2000K6. Depending on the size and

aspect ratio of the �ngers, and hence the temperature at which they equilibrated, the

�ngers grew between 1 �m and 10 �m7 of oxide. The oxide thickness is of the same order

of magnitude as that predicted by the Deal-Grove passive oxidation model [31], suggest-

ing that the \active-oxidation" of silicon is not an overriding concern for this particular

application,

Although atmospheric testing failed to reveal any limiting failure mechanism, elevated

pressure testing of the �ngered combustor plate identi�ed creep to be the failure mechanism

for silicon in high temperature microcombustor environments. As shown in Figure 12, at

6While combustor exit temperatures were between 1600K and 1800K, the combustion chamber temperature was

measured to be a few hundred degrees higher. The overall wall temperature was once again in the range of 1000K.
7Most of the amorphous oxide was less than a couple of microns thick. Only the thinnest of

the �ngers grew 10 �m akes of crystalline oxide. The cause of this crystalline growth and the

subsequent cracking and stress-induced e�ects still need to be examined.
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uid temperatures in excess of 2200K, several of the �ngers were found to creep. The

location of the point where the di�erent �ngers began to bend correlated well with a two-

dimensional heat transfer model for the temperature distributions along the length of the

�ngers. This suggests that under these conditions, the creep failure of the �ngers followed

the brittle-to-plastic transition of silicon which occurs at approximately 900K.

Finally, as the last part of the oxidation study, tests were conducted to identify the

e�ects of the high Mach number, high pressure and heat transfer environment of a turbine.

Although atmospheric tests on static components showed that oxidation would not be a

limiting factor in the operation of a silicon microcombustor, the e�ects in the turbine

environment of a microengine are unknown. While the e�ects on the rotor cannot be

assessed in the absence of a spinning structure8, a set of 150 �m high turbine vanes

(static nozzle guide vanes - NGV's), was exposed to the combustor exhaust to examine

the e�ects of oxidation in a potentially erosive, high temperature and pressure, supersonic

ow environment. A micrograph of several of the vanes is shown in Figure 13. The

placement of the vane pack in the rig is illustrated in Figure 14.

Figure 15 shows before and after pictures of a turbine stator vane following a �ve hour

exposure to combustion exhaust at 1800K and 2.5 atm., and at a mass ow of 0.1g/sec.

While \pitting" and erosion is visible on the blade surface, the vanes maintain their overall

structural integrity, there being no more than a 2% change in throat area, and hence mass

ow. This establishes the survivability of a static vane structure in a high pressure,

temperature and high Mach number ow environment, and is suggestive of the ability to

build a combustor and engine static structure out of silicon.

Currently, e�orts are underway to integrate the combustor with the engine; �rst engine

tests are expected in the year 2000.

V. Conclusions

As part of an e�ort to develop a micro gas turbine engine using silicon microfabrication

technologies, we reported the fabrication and testing of a hydrogen combustor microma-

8E�orts are currently underway to integrate a rotating turbine with the hot combustor exhaust to study creep

failure. To date, computational �nite element modeling (FEM) and materials test data have been used to predict

the rotor structural performance [32].
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chined from silicon. While DRIE and silicon wafer bonding were the enabling manufac-

turing technologies, the design, fabrication and testing of the device required the e�ective

integration of disciplines as diverse as silicon microfabrication, uid dynamics, heat trans-

fer and combustion. The microfabricated silicon combustor has a chamber measuring

less than 0.07 cubic centimeters, and an integral fuel manifold and fuel injector holes.

It has been successfully demonstrated to sustain stable hydrogen combustion, providing

exit temperatures in excess of 1600K. While the performance of silicon was found to be

creep limited at elevated pressures and temperatures in excess of 2200K, the combustor

has been successfully tested for over �fteen hours, thereby demonstrating the satisfactory

performance of silicon in such harsh environments. Combined with the results of an oxi-

dation study which showed that the performance of a silicon microcombustor will not be

oxidation limited, these results are an important step towards establishing the viability of

building a new generation of power-MEMS using silicon microfabrication technology.
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Fig. 1. Schematic and SEM cross-section of half of the axisymmetric combustor, showing the fuel manifold,

injectors, and air ow path.
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Fig. 2. Fabrication process for the microcombustor.

November 18, 1998 DRAFT



16

Fuel 
injectors

Fuel 
manifold

Air 
inlet

(a) SEM of the fuel manifold, showing a ring of 76, 30 �m

injector holes.

30 microns 

(b) Close-up view of a 200 �m deep,

30 �m diameter fuel injector hole.

Fig. 3. Fuel manifold / injector wafer (400 �m thick).
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holes
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Fig. 4. Isotropically etched spacer plate, showing the 24, 340 �m combustor inlet ports at r = 4.5 mm.
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1 mm

Fig. 5. Isotropically etched, 1 mm high annular combustion chamber, with an inner and outer diameter

of 5 mm and 10 mm respectively.

Fig. 6. Infra-red image of the three stack, double-bonded wafers, indicating a high quality bond over most

of the wafer. The fringes on the edges indicate poor bond quality in these regions.
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Fig. 7. A schematic of the microcombustor test rig (wafer thicknesses are exaggerated for illustrative

e�ect).
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Fig. 8. Microcombustor test results, showing exit temperatures in excess of 1600K.
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Fig. 9. Microcombustor test results, showing wall temperatures well below the melting point of silicon.

10 mm

Fig. 10. Post-combustion appearance of the rig after 15 hours of testing at Texit �1600K. While the

oxidation patterns are apparent, the structure shows no visible damage (the white regions represent

ceramic adhesive used for sealing).
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2 mm x 1.6 mm
finger

20 micron
finger

Fig. 11. Photograph of the silicon combustor plate with \�nger-like" structures (sizes range between 20 �m

� 500 �m � 450 �m and 1600 �m � 2000 �m � 450 �m).

Fig. 12. SEM of a 200 �m � 450 �m � 2000 �m structure after combustion, showing creep limited

performance of silicon.

Fig. 13. An SEM of the turbine static vane pack that was attached to the combustor exhaust plate to

study the structural behavior of the blades when exposed to combustion exhaust gases.
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Fig. 14. A schematic illustration of the placement of the turbine vanes in the microcombustor test rig.

Fig. 15. Before and after pictures of the vanes following a 5 hour exposure to combustion exhaust gases at

1800K, Mach number � 1. Although the blades exhibit minor erosion and \pitting", they maintain

their structural integrity.
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