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Electron beam lithography, due to the high design flexibility and high pattering resolution can be
used as an exclusive lithography method in device fabrication in R&D reality. To achieve the rea-
sonable time of process exposition, some essential steps and actions must be done. In the article,
the main technical and technological dependences, based on AlGaN/GaN HEMT transistor fabri-
cation, will be presented and discussed. As a result of conducted studies, the total time of the most
important lithography process expositions will be shown and explained.
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1. Introduction

Semiconductor device manufacturing contains several technological and testing steps
before it can be ready for packaging. Device, like high electron mobility transistors
(HEMT), in the very basic layout, demands minimum five lithography processes,
which can be doubled or even tripled for devices with sophisticated design. Based on
the industrial reports, lithography processes can absorb even one-third of the total costs
of the large scale fabrication. On the other hand, current lithography expectations are
focused at the same time on extremely high resolution and high throughput from large
areas of substrate. There is a strong relationship between generated costs of lithography
processes and the resolution or accuracy of copied structures. One of the reasons is the
equipment cost, which is one order of magnitude higher for deep ultraviolet (DUV)
systems and two orders of magnitude higher for extreme ultraviolet (EUV) systems
than for electron-beam lithography (EBL) or i-line photolithography systems [1]. At
the same time, the resolution of the EBL technique and EUV technique is comparable,
where DUV technique provides one order of magnitude lower resolution.

Despite the fact of high resolution and undistinguished equipment costs of EBL,
it is not used in mass production because of very low yield, which is the lowest from
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previous mentioned methods. Nevertheless EBL is commonly used in research labo-
ratories and pre-commercial production lines, where total time of exposition does not
have to be compensated in total costs of device fabrication.

Utilization of EBL in pilot line production requires some modifications and opti-
mization in order to minimize the total time of exposition from days to hours. 

2. Reduction of the exposition time

There are few ways that can be done to improve the total time of exposition. One of
the most promising and the most effective is to use a new concept of the exposition
method, which is based on the multielectron beam system [2]. Another way that does
not require specialized equipment, propose using thinner layers of e-beam sensitive
layers [3] and lower acceleration voltages [4], both improve energy absorption in a re-
sist layer. Applying special strategies of substrate scanning and, if possible, reducing
the area of exposition, also help with time reduction. 

In our research we focused on minimization of dwell time Tdwell according to the
following equation for the area dose:

Increasing the value of the beam current Ibeam and adjusting the area step size ASS and
the area step line ASL to possibly big values, can distinctly improve the yield of litho-
graphy process.

3. Experiment

Conducted experiments refer to the most demanding lithographic steps in AlGaN/GaN
HEMT fabrication: mesa formation, ohmic contact and Schottky contact formation

Area dose
Ibeam T⋅ dwell

ASS ASL⋅
---------------------------------=

Mesa area

Ohmic contact

Schottky contact

Fig. 1. SEM image of the AlGaN/GaN HEMT with the magnification on gate area.
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(Fig. 1). Based on those three EBL processes, we calculated the time exposition ranges
in which full process fabrication of a device can be executed.

Exposition time analysis was done for AlGaN/GaN/Al2O3 HEMT types heterostruc-
tures in each process for different resist materials and an area size of exposition. Exper-
iments were conducted on PIONEER (Raith) equipment. Despite of the exposition time
reduction, great importance was attached to obtained high resolution of structures and
high quality of lithography process. In the Table, the applied resist materials with their
dedicated nominal doses and the area sizes of exposition for each lithography process
are presented. 

As the main parameter in conducted studies was selected the beam current Ibeam,
which can be increased no-directly by magnification of the aperture size ϕ. Additional
slight current increase can be achieved by changing the e-beam energy into higher val-
ues. The first method causes e-beam defocusing on the sample and as a consequence,
the loss of high resolution for bigger apertures. The second idea is strongly connected
with energy absorption efficiency in the resist layer, and as a consequence, proper dose
-to-clear must be modified for each process parameter set. Applying a higher EHT val-
ue reduces backscattering effects, which improves structures resolution, what is ben-
eficial for gate fabrication.

Experiments were done for 3–30 kV acceleration voltages with the use of an ap-
erture size ϕ: 7, 15, 30, 60, and 120 μm. 

4. Discussion

Mesa structure definition in EBL process is not a demanding step from the structures
resolution point of view. Therefore, applying big size apertures is adequate in a range
of currents values, which are relevant to the used nonconductive substrate and the
charging effect can be avoided. In Fig. 2, characteristics of time exposition t as a function
of applied beam current I in EBL process, for mesa structure fabrication, for two de-
signs: positive (CSAR 62) and negative (AR-N 7520) layouts, are presented. The usage
of ϕ = 60 μm aperture size, which allows to work with ~1.5 nA, gives the time exposition,
for presented resists, equal to single minutes for one AlGaN/GaN HEMT device fab-
rication and prevents the surface charging occurrence.

T a b l e. Resist materials with their nominal doses used for conducted AlGaN/GaN HEMT fabrication,
for selected EBL processes, with information about the area of exposition. All information refers to the
single device fabrication.

Resist 
material

Nominal dose 
[μC/cm2]

Area 
[μm2]

Importance 
of resolution

CSAR 62 65 ~190000 +

Mesa AR-7520 30 ~80000 +

PMMA/MA 33 ~190000 +

Ohmic contact PMMA + PMMA/MA 100 ~160000 ++

Schottky contact PMMA + PMMA/MA 100 ~15000 +++
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Analogous tests were performed for ohmic contact fabrication. Due to the fact of
bilayer resist system usage for lift-off purposes, the process is more demanding because
the geometry and structures dimensions play an important role in device performance.
For that reason, the analysis of time exposition was done for a wide range of electron
beam current values. Results were divided into two separated characteristics, Figs. 3
and 4. Based on our previous published results [5], the best quality of fabricated ohmic
structures provides the usage of one of two parameters sets: EHT = 10 kV and ϕ = 60 μm
or EHT = 10 kV and ϕ = 30 μm. For a bigger aperture, the probe current I is about 0.9 nA
and the time of exposition t is about 3 min, Fig. 4. 
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Fig. 2. Exposition time t as a function of primary electron beam current I for mesa structure fabrication,
for different EHT values and aperture sizes ϕ: 15, 30, 60, and 120 µm.
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Fig. 3. Exposition time t as a function of primary beam current I for ohmic contact fabrication, and aperture
sizes ϕ: 7.5, 15, and 30 µm.
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Applying a smaller size of the aperture ϕ, equal or below 30 μm, shifts the time of
exposition to single hours (Fig. 3), what is more adequate to Schottky contact fabri-
cation, because of the fact of high precision and resolution of direct writing.

In Fig. 5, the time exposition characteristics as a function of e-beam current I, for
the smallest aperture size ϕ = 7.5 μm and ϕ = 15 μm are presented. Results refer to
I–type Schottky contact, whose length was equal to 500 nm. Fabrication of shorter
gates, in the same resist system, requires higher doses values, and the exposition time
in that situation must be recalculated [6]. Exposition time for a single HEMT device
was in the range from about 0:45 to 4:30 (min:s).
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Fig. 4. Exposition time t as a function of primary beam current I for ohmic contact fabrication, and aperture
sizes ϕ: 60 and 120 µm.
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ferent aperture sizes ϕ: 7.5 and 15 µm.
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5. Conclusions

Conducted experiments, for three most characteristic and demanding EBL steps in the
fabrication process of AlGaN/GaN/Al2O3 HEMT, allow us to approximate and verify
the total time of resist exposition by EBL, including all six lithographies needed for
device production. Basing on the capabilities of obtaining comparable technological
results of the lithography process, for different technological parameters sets and dif-
ferent electron beam sensitive materials application, the final results can be executed
in a wide range of exposition time values. The greatest flexibility of time fabrication
can be achieved for ohmic contact fabrication, and as a consequence, for a metal thick-
ening process. The exposition time in this situation can be in the range from 2:00 to
10:00 h:min. We obtained very similar results for mesa structure fabrication process.
Including two types of mask and three resists materials that can be used for this process,
the exposition time was in the range from 2:00 to 8:30 h:min.

For a substrate area in which 64 AlGaN/GaN HEMT transistors were fabricated,
the minimum total time of EBL exposition was estimated to be 10:00 h:min.

Acknowledgements – This work was co-financed by the National Centre for Research and Development
grants TECHMASTRATEG No. 1/346922/4/NCBR/2017 and LIDER No. 027/533/L-5/13/NCBR/2014,
the National Science Centre grant No. DEC-2015/19/B/ST7/02494, Wrocław University of Science and
Technology statutory grants and by the Slovak-Polish International Cooperation Program.

This work was accomplished thanks to the product indicators and result indicators achieved within
the projects co-financed by the European Union within the framework of the European Regional
Development Fund, through a grant from the Innovative Economy (POIG.01.01.02-00-008/08-05) and
by the National Centre for Research and Development through the Applied Research Program Grant
No. 178782.

References

[1] ENGSTROM D.S., PORTER B., PACIOS M., BHASKARAN H., Additive nanomanufacturing – A review, Jour-
nal of Materials Research 29(17), 2014, pp. 1792–1816, DOI: 10.1557/jmr.2014.159.

[2] RIO D., CONSTANCIAS C., MARTIN M., ICARD B., VAN NIEUWSTADT J., VIJVERBERG J., PAIN L., 5 kV multi-
electron beam lithography: MAPPER tool and resist process characterization, Journal of Vacuum
Science and Technology B 28(6), 2010, article ID C6C14, DOI: 10.1116/1.3517664.

[3] MANFRINATO V.R., CHEONG L.L., DUAN H., WINSTON D., SMITH H.I., BERGGREN K.K., Sub-5 keV elec-
tron-beam lithography in hydrogen silsesquioxane resist, Microelectronic Engineering 88(10), 2011,
pp. 3070–3074, DOI: 10.1016/j.mee.2011.05.024.

[4] LEE Y.-H, BROWNING R., MALUF N., OWEN G., PEASE R.F.W., Low voltage alternative for electron
beam lithography, Journal of Vacuum Science and Technology B 10(6), 1992, pp. 3094–3098, DOI:
10.1116/1.585935.

[5] INDYKIEWICZ K., PASZKIEWICZ R., PASZKIEWICZ B., Improvement of the electron beam lithography con-
tact pads fabrication process, Optica Applicata 46(2), 2016, pp. 249–254, DOI: 10.5277/oa160209.

[6] INDYKIEWICZ K., Zastosowanie litografii elektronowej do wytwarzania tranzystora AlGaN/GaN HEMT,
PhD Thesis, Wrocław University of  Science and Technology, 2018 (in Polish).

Received October 2, 2018

https://doi.org/10.1557/jmr.2014.159
https://doi.org/10.1116/1.3517664
https://doi.org/10.1016/j.mee.2011.05.024
https://doi.org/10.1016/j.mee.2011.05.024
https://doi.org/10.1116/1.585935
https://doi.org/10.1116/1.585935

	Exposition time analysis of AlGaN/GaN HEMT fabrication by electron beam lithography
	1. Introduction
	2. Reduction of the exposition time
	3. Experiment
	4. Discussion
	5. Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [481.890 680.315]
>> setpagedevice


