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Abstract - This paper presents a theoretical and numerical analysis 
for thermal isolation of silicon micro-structures, especially for a large 
size with poor thermal conductivity, as well as straightforward 
solution for such an issue. Additional metal patterns underneath the 
silicon structures effectively reduces the thermal isolation. Heat 
transfer mechanism is analyzed using an equivalent circuit of thermal 
network including plasma, a heat source, heat capacitors, and thermal 
resistances. The FEM simulation was carried out to investigate the 
temperature change of silicon micro-structures according to process 
time. The temperature of silicon micro-structures with 2 μm thick 
chrome layer at a steady state is 86 ℃, an approximately 40 % 
decrease from the silicon microstructure without thin metal 
(122 ℃)

1. Introduction
  For several decades, microelectromechanical systems 
(MEMS) have been intensively studied and developed in order 
to be applied to the microsensors such as micro-inertial 
sensors, micro-optical sensors and micro-RF sensors [1-3]. 
Among various materials for micromachining, single crystalline 
silicon (SCS) is widely used for MEMS due to a structural 
stability and a simple fabrication process. Anodic bonding of 
silicon to a glass substrate has further facilitated silicon as a 
popular material in MEMS. In some MEMS applications, a 
low actuation voltage and large displacement are important to 
obtain high tunability or long operational range. We can easily 
realize the low actuation voltage and the large displacement of 
MEMS actuators by simply reducing a spring constant, i.e. a 
narrow and long spring.
  Usually deep reactive ion etching (DRIE) is used when the 
silicon structures on the glass substrate are released. In plasma 
enhanced etching systems, silicon micro-structures are exposed to 
large thermal flux from the plasma so that effective cooling is 
required to obtain well-defined structures. However a large area of 
the device and poor thermal conductivity from the device to a 
substrate hinders proper thermal release and causes structure 
deformation. As the spring constant decreases for the low 
actuation voltage and large displacement, the thermal 
conductance of spring also decrease. This decreasing thermal 
conductance eventually results in a thermal isolation, leading 
to an abrupt temperature rise of silicon structures. In addition, 
increased temperature causes an isotropic etching in the DRIE. 
In an extreme case, fine patterns such as comb electrodes or 
springs can be severly deformed or disconnected due to the 
accelerated isotropic etching at high temperature. 
 A few researches have been carried out to analyze and 
overcome this fabrication failure during DRIE process [2-4]. 
Hongwei Qu et al ,analyzed the temperature variation during 
DRIE process and suggested the solution to reduce the 
temperature rise by depositing 50-μm-thick photoresist (PR) 
as an additional heat transfer path [2]. However, the footing 
effect cause by charge accumulation was inevitable since PR 
was non-conducting material. S. E. Alper et al, suggested 
stepped-etching method by introducing 10 min etching and 20 
min interrupt periods [3]. However the stepped-etching method 
extended process time too long, therefore process conditions 
should be optimized in terms of structure geometry and 

etching equipment.
  In this paper, the heat transfer mechanism of silicon 
resonator is analyzed when the silicon structure is released 
using DRIE process. Based on the analysis of heat transfer 
mechanism, we propose an additional metal layer between the 
rotor and the anchor to reduce the temperature rise. The 
feasibility of the metal patterning is verified using the 
equivalent circuital modeling and FEM simulation.

2. Analysis

  The proposed MEMS resonator has a long and narrow 
spring compared to the rotor size for a low actuation. The 
conceptual view and fabrication process are shown in Fig. 1. 
The rotor size was 3000 (l) x 1000 (w) x 50 (t) μm3 and the 
spring size was 1000 (l) x 4 (w) x 50 (t) μm3.   

<Fig. 1> Schematic view of the MEMS resonator (left) and 

fabrication process (right)

  As can be seen from Fig. 1, at first the silicon was etched 
using DRIE process and the glass and  the silicon substrate 
were bonded using anodic bonding. Finally the silicon device 
was released using DRIE process.
  In general, heat transfer mechanism consists of conduction, 
convection, and radiation. These mechanisms are also applied 
to the proposed device when the structure is released using 
DRIE process. However, the heat transfer via convection is 
negligible because the pressure inside an etching chamber is 
maintained under a few mTorr. It is well-known that the 
incident heat source is an ion bombardment and it is 
expressed as [2],







                      (1)

(ni: ion density, q: charge, Te :electron temperature, M: ion  
mass, Vbias: DC bias)

Here, most of the incident heat is accumulated on the rotor 
which plays role of heat capacitor. The thermal energy on the 
rotor is transferred to spring via conduction, radiation to 
surrounding, and convection by molecules, where each 
mechanism can be replaced equivalent thermal resistance. 
Based upon incident heat source, heat capacitor, and thermal 
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resistance, we set the equivalent thermal circuit modeling as 
shown in Fig. 2. 

<Fig. 2> Equivalent thermal circuit using heat source,

heat capacitor, and thermal resistance.

Then, the temperature on the silicon rotor can be 
expressed as

  ·· ·exp

              (2)

the Fig. 3 shows the calculated temperature of rotor, where the 
temperature increased up to 204 ℃.

<Fig. 3> Calculated rotor temperature using thermal 

network method.

  FEM simulation was also carried out to investigate 
temperature change precisely and the simulated results are 
shown in Fig. 4.

<Fig. 4> FEM simulation results of MEMS resonator. 

  Temperature of the rotor was 122 ℃ at the steady-state, 
which was 82 ℃ lower than the calculated value. The 
calculated value does not consider a geometry complexity. 
This seems to lead the difference between calculation and 
simulation. Both two results, calculation and simulation, 
indicated high temperature rise during DRIE process higher 
than 100 ℃. We expect, consequently, this high temperature 
would lead to a severe thermal isolation effect meaning the 
increase of isotropic etching. Fine patterns such as a few μm 
silicon springs can be distorted or vanished.

3. Simulation Results

  A high temperature at steady state is inevitable in case of 
the MEMS devices which has large moving part comparing to 
the spring. As analyzed above, MEMS devices with a large 
heat capacity and resistance should be designed in the view 

of heat transfer to reduce an isotropic etching. Herein, we 
proposed the metal patterning beneath the silicon spring, 
which is connected with rotor and anchors to reduce the 
thermal resistance as shown Fig. 5. 

<Fig. 5> Schematic view of the proposed MEMS resonator 

which has thin metal layer underneath the spring.

  Total thermal resistance of the proposed design was 
effectively reduced due to the deposited metal layer. In this 
design, it is important to design appropriate geometric 
variables such as the width and thickness of metal layer 
because each variable determine not only thermal resistance 
but fabrication complexity. FEM simulation was carried out to 

prove the proposed method as shown Fig. 6.  

<Fig. 6> FEM simulation results of MEMS resonator which 

has 2 μm thick chrome layer underneath the spring.

  Temperature is decreased from 122 ℃ to 87 ℃ because of 
the deposited 2 μm-thick chrome layer. These results indicated 
that the accumulated heat energy can be effectively 
transferred to anchors via chrome layer beneath the silicon 
spring. Consequently, the thermal isolation effect can be 
suppressed and fine patterns would be possible.
 

4. Conclusion

  Thermal isolation effect was demonstrated using a thermal 
equivalent circuit modeling and FEM simulation. The thin and wide 
metal patterning underneath silicon springs, which is connected with 
a rotor and anchors, leads to the reduce of a total heat resistance. A 
thermal isolation problem on a plasma etched silicon micro-structures 
can be solved by a thin metal patterning, and it is analyzed using 
FEM. We expect that the proposed method can be used for MEMS 
devices with a low actuation voltage. We are working on extracting 
the dominant parameters for thermal isolation effects.

[References]

[1] Yong-Seok Lee, Yun-Ho Jang et al, “Fabrication of a Bottom 
Electrode for a Nano-scale Beam Resonator Using Backside Exposure 
with a Self-aligned Metal Mask”, Journal of Electrical Engineering 
& Technology, vol. 4, no. 4, pp. 546-551, 2009
[2] Hongwei Qu and Huikai Xie, “Process Development for 
CMOS-MEMS Sensors With Robust Electrically Isolated Bulk Silicon 
Microstructures”, Journal of Microelectromechanical Systems, vol. 16, 
no. 5, pp. 1152-1161, 2007
[3] S. E. Alper, A. Aydemir, and T. Akin, “Stepped-etching for 
Preserving Critical Dimensions in Through-wafer Deep Reactive Ion 
Etching of Thick Silicon”, Transducers, 2009, Denver, CO, USA, 
1110-1113
[4] P J Gilgunn and G K Fedder, "On the origin of selectivity and 
anisotropy loss during microsturcture release etch", Journal of 
Micromechanics and Microengineering, vol. 20, no. 3, 035021



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


