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1. Introduction 
With the rapid development of CMOS image sensor 

(CIS), a pixel model capable of predicting the optical 
behavior of the photo-detector is essential for accurate 
simulation of the pixel operation. Unfortunately, no accurate 
pixel model is currently available for the optical responses 
of CIS active pixel sensors (APS) [1]-[3]. In general, the 
photodiode in a conventional APS is modeled as a current 
source with a parallel capacitor as plot in Fig.1. The 
simplified description is often not sophisticated enough to 
simulate those circuits whose performance depend critically 
on the photodiode characteristics. Therefore, the purpose of 
this work is to establish a close-form photodiode model, 
providing both accurate electrical and optical responses for 
the CIS pixel circuit simulation. 

 
2. Dark current and Photocurrent of a Photodiode 

Fig. 2 shows the dc equivalent circuit of a MOSFET 
adopted by BSIM3.3 model [4]. For a photodiode with the 
source/drain (S/D) parasitic junction diode, the dark current 
can be expressed as 

BSdark VGMINPSJSSWASJSI ×+×+×=  
Where JS and JSSW are the S/D leakage current density and 
S/D sidewall leakage current density. They are functions of 
operating temperature, and related to fabrication process. AS 
and PS are area and perimeter of the junction. GMIN, 
without any physical meaning and set to 10-12 Ω-1 by default, 
is added to help convergence of numerical solution 
computation. VBS is the junction reverse bias. 

When the junction is illuminated by photons with hν > Eg, 
the photocurrent is generated (Fig.3). It can be described as 
Iphoto = Jphoto × AS ; Jphoto = Jdn + Jdrift + Jdp 
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is the drift current generated in the space charge region. It is 
a function of absorption coefficient, reflection rate and 
excess minority carrier generation rate of Si and intensity 
and wavelength of incident light. Jdn and Jdp are the 
photocurrents generated in the N and P-type neutral regions. 

Once the parameters of the junction are known, circuit 
designers can simulate the pixel characteristics with 
different pixel structures, photodiode sizes and wavelengths 
under various light intensity levels [5]. 

 
3. Sample Fabrication 

The samples used for verifying this model are fabricated 
by the silicided 0.35µm 2P4M standard CMOS logic 
process. The test circuits, as list in Tab. 1, are conventional 
3-T APS pixels with resist protection oxide (RPO) masked 
N+/P-sub photodiodes. 

4. Experimental Results and Discussions 
Fig. 4 presents the schematic of the proposed photodiode 

model. It consists of a diode, Dphoto, an independent voltage 
source, Vphoto, for setting of light intensity and a voltage 
controlled current source, Iphoto for generating of 
photocurrent. 

The un-illuminated measurement results and simulation 
data with the original BSIM3.3 model are shown in Fig. 5. 
The simulations do not coincide with the measurements due 
to the influence of GMIN, JS and JSSW. In this work, we 
replaced the JS and JSSW with JS’ and JSSW’ because of 
that the values of JS and JSSW extracted by the 
conventional method do not agree well the measurement 
results. While the areas and perimeters of the junction in 
standard devices are much different from those of the 
photodiode, the simulation results are naturally not agreed 
with the measurement data. In addition, we reset the GMIN 
to 10-21 Ω-1 to suppress the effect of the non-physical 
meaning item in the dark signal simulations. Fig. 6 shows 
the simulation results with the replaced values of GMIN, JS’ 
and JSSW’. It demonstrates that the revised dark signals 
match the measurements much better than the original 
simulations. 

When we simulated the lighting situation, the Vphoto was 
set to meet the corresponding Lux value. Then, the 
photocurrent was generated in Iphoto according to the values 
of Vphoto and wavelength. Tab. 2 shows the calculated RGB 
photocurrents for several illuminations. Comparing the 
simulations with the measurements plotted in Fig. 7 and Fig. 
8 shows that the characteristics of the photodiode model are 
very similar to the actual optical responses measured on a 
pixel. 

 
5. Conclusions 

In this work, we proposed a photodiode SPICE model for 
both electrical and optical simulations of CIS pixels. The 
experiment results demonstrate that the model can predict 
the pixel characteristics very well and can provide a more 
accurate tool for performance optimization and 
system-on-chip simulation on various CIS applications. 
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Fig.1. Photodiode is general modeled 
as a current source with a parallel 
capacitor. 

Fig.2. The dc equivalent circuit of a 
MOSFET adopted by BISM3.3 model. 

 
Fig.3. When the junction is illuminated 
by photons with hν > Eg, photocurrents 
are generated. 

(a)                        (b) 
Fig.5. (a) The simulations do not coincide with the measurements under no 
illumination; (b) The value of GMIN influence the simulation of dark signal. 

 

 
Fig.4. The equivalent schematic of 
the proposed photodiode model 

 

 
Tab.1. Test circuits of photodiodes 
with various areas and perimeters. 

 

 
Tab.2. Calculated photocurrents for 
some kinds of illuminations and 
wavelengths. 

Fig.6. The revised dark signals match 
the measurements much better than the 
original simulations. 

(a)                           (b) 

Fig.7. (a)-(c): Simulated outputs with 
red, green and blue light source under 
different intensity; (d)-(f): Measured 
responses with red, green and blue light 
source under different illuminations. 
 
Fig. 8. (a) Simulated and measured 
waveform for various illuminations in 
the same wavelength; (b) Simulated and 
measured data versus light intensity. 
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(e) 

(f) 



<<
  /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
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	typ_page1: -665-


