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We introduce a microprocessor made by organic thin-film transistors processed
directly onto flexible plastic foil.  This is a direct realization of a microprocessor
by thin-film technology, i.e., without transfer, on plastic. It paves the way to
equip mundane supports and objects with low-cost computing power. We also
demonstrate the correct execution of a digital signal-processing task, namely
increasing the accuracy of a repetitive digital input by time-averaging.

Organic transistors are currently used for backplanes of displays, i.e., large
arrays of identical pixel engines, each comprising a very limited number (typical-
ly 1 to 4) of transistors. The technology has been shown to be adequate for code
generators for RFID tags [1-5], line drivers for rollable displays [6,7] and first
analog circuits [8-10]. The digital circuits [1-7] all have a well-defined datapath
and very limited control logic. Hence, the critical path was always predictable
and it could be optimized by design for performance and yield. 

Recently, an elegant way to achieve dual-VT logic with organic TFTs was shown.
It makes use of a back-gate on the transistors to control VT of drive and load
transistors of a basic inverter independently [11].  This organic transistor tech-
nology is developed by Polymer Vision for rollable active-matrix displays [12].
The organic gate insulator layer, the organic dielectric separating the channel
from the back-gate and the p-type pentacene semiconductor all are processed
from solution. The transistors have a typical channel length of 5μm and an aver-
age saturation mobility of 0.19cm2/Vs. The top gate is intended to be the pixel
electrode in the display backplane, but is used as back-gate to control VT in our
digital circuit. Using this more robust dual-VT OTFT architecture, we explore in
the present work the untrodden terrain of organic thin-film circuits with complex
control logic and variable datapaths. In particular, we elaborate an 8b micro-
processor comprising 4000 transistors. It is composed of two foils, a micro-
processor foil and an instruction code foil, that can be connected 1-to-1. Our
microprocessor is processed directly onto foil, following up on examples of
microprocessors transferred to foil after processing at high temperatures on
rigid substrates [13]. 

We modified the design strategy compared to the approach practiced so far in
the field. Instead of simulating the schematic entry by an analog simulator (such
as Spectre or Spice), we executed a functional simulator in Modelsim. First-
order timing simulations have been done by using a fixed delay time for invert-
ers and NAND gates, which led to a rough estimation of the expected clock fre-
quency. Finally, the layout has been generated using an automatic P&R tool, hav-
ing a library of 3 main cells: inverter, NAND and a buffer.

Figure 18.1.1 outlines the architecture of the microprocessor foil. The core of the
processor is the 8b Arithmetic and Logical Unit (ALU), which implements clas-
sical logic (AND, OR, NOT), arithmetic (Add, subtract, increment, decrement)
and shift (logic shift left, arithmetic shift right) operations. The ALU is controlled
by the 3 least-significant bits among the 10 bits from the processor’s opcode.
The output of the ALU is stored in the accumulator register. Three additional
working registers (C0, C1, and C2) and an output register are available to the
microprocessor. The registers select bits [Regsel (1:0)] correspond to bits 7 and
8 of the opcode. Bit 10 of the opcode implements the jump instruction.

The microprocessor foil is designed using only NAND gates and invertors. The
gate delay of the NAND gates and the invertors having a single load can be esti-
mated to be about 238μs and 200μs respectively from measurements on ring
oscillators. Modelsim simulations using the above-mentioned gate delays
through the design, predict operation of the microprocessor foil at clock fre-
quencies below 50Hz. To prevent the heavily loaded nodes from reducing clock
frequency too much, buffers are added on several nodes in the design, but the
effect of the load on logic gates cannot be fully reduced. 

After processing, the correct operation of each of the instructions of the micro-
processor foil is tested independently using a dedicated hardware testbench run-
ning on a PIC18F development board. The expected outcome (generated by the
PIC18F testboard) and the measured output register value are plotted on a digi-
tal scope (Fig. 18.1.2), indicating that each instruction behaves as foreseen,

when appropriate power and back-gate voltages are applied. Figure 18.1.3
shows the Shmoo plots for both the back-gate voltage and the power voltage.
The microprocessor foil is operational for supply voltages between 10 and 20V,
and the backgate voltage can be varied between 45 and 65V at a supply voltage
of 15V. A clock frequency up to 6Hz is obtained. A slight decrease in maximum
frequency is obtained at higher backgate voltage, due to the lower pull-up cur-
rent caused by higher backgate voltages. The discrepancy between the measured
clock frequency and the estimated frequency by Modelsim is due to the fixed
time delays used in the simulator for inverter and NAND gates, which can be
improved in the future by including load-dependent delay times in the simula-
tions.

Next, the instruction foil is tested. Figure 18.1.4 shows the architecture of the
instruction foil comprising the program counter (PC) and the instruction matrix.
Each instruction comprises 10b, from which 9b are passed further towards the
microprocessor foil. When bit 10 of the instruction is 1, a jump is executed:  the
PC is loaded with the remaining bits of the instruction and a No–Operation (NOP)
is passed to the microprocessor foil. A reset brings the PC back to 0.

We implemented a “running averager” algorithm outnew = 0.5 round(in + outold)
on the instruction foil (Fig. 18.1.6b). This example is chosen because it is a typ-
ical digital signal-processing instruction, and the processing of sensor outputs
is indeed a likely application for foil microprocessors. The running averager
increases the accuracy of a digitized sensor output: when the processor input
bits would be connected to a 6b analog-digital convertor on foil [9,10], the
processor output would correspond to the averaged input signal, with one bit
increase in resolution and a time constant equal to the sampling clock. Figure
18.1.5 shows the measured output when the microprocessor foil and the
instruction foil are connected together. The input signal is manually set from 0
to 7 (using switches). The algorithm is executed twice each program loop and
the input is also sampled twice each program loop, although the output pins are
only updated after the second implementation. At the output, we then observe
the sequences for 5.5, 6.5 and 7. Figure 18.1.7 shows the die picture of both the
microprocessor foil (comprising 3381 transistors, 1.96×1.72cm²) and the
instruction foil (comprising 612 transistors 0.72×0.64cm²). The power con-
sumption of the microprocessor foil is typically 92μW at 10V VDD. 
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Figure 18.1.1: Architecture of the 8b organic microprocessor foil. The connec-
tor comprises 30 pins: 18 input pins [opcode(8,0); in(7,0); clk], 9 output pins
[out(7,0), overflow] and power, ground and backgate voltage.

Figure 18.1.2: Hardware testbench measuring all individual instructions of the
microprocessor foil at a clock frequency of 6Hz (VBack = 50V and VDD = 15V).

Figure 18.1.3: Shmoo plots of the microprocessor foil as a function of the
clock frequency and backgate voltage (left) or power voltage (right).

Figure 18.1.5: Measured output of the microprocessor foil connected to the
running averager instruction foil. The switches at the input pins are manually
changed from 0 to 7 (00000111). The output reaches 7.0 (00001110), with one
additional bit of precision, after 3 program cycles.

Figure 18.1.6: (a) instruction table with corresponding opcodes. RR in the
opcode represents the selected register RegSel (1,0). X is a don’t care. (b)
Program code for the running averager.

Figure 18.1.4: Architecture of instruction foil used in the implementation of
the running averager. The connector uses 14 pins: 2 input pins [reset; clk], 9
output pins [opcode(8,0)] and power, ground and backgate voltage.
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Figure 18.1.7: (a) die picture of the 8bit microprocessor foil; (b) foil comprising 
several microprocessor circuits laminated on a 6-inch wafer carrier during processing;
(c) instruction generator foil for the running averager.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. 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 PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


