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INTRODUCTION AND PROBLEM DEFINITION 
The aim of this work is the simulation, design and realization of integrated color sensitive 
photodetectors. In contrary to existing techniques, using surface mounted filters e.g. CCD 
or CMOS sensors, this work focuses on ideas to realize the color sensitivity using 
standard BiCMOS technology without any additional layers or production steps. The 
main advantage of such novel detectors is the possibility to integrate color sensitive 
photodetectors with analog or digital readout circuitry. For the detectors a standard 
BiCMOS process (X-FAB 0.6µm BiCMOS) without any process modifications should be 
used. The optical bandwidth should cover the full visible spectrum range (≈400-700nm) 
and should extend to the near infrared range (≈700-900nm).  
The final outcome should be an integrated color sensitive photodetector realized without 
any additional costs compared to the standard available photodiodes. 
To verify the color sensitivity of the realized diodes a complete measurement setup has to 
be developed. The measurement process has to be fully automated to verify a relevant 
large number of diodes.  
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ABSTRACT 
The aim of this work is the realization of color sensitive silicon photodetectors without 
the use of external filters or additional production steps to keep the costs as low as 
possible. The production process that should be used is the X-FAB 0.6µm BiCMOS 
process without any additional masks or modifications. The first task is to decide which 
effects can be used to make a standard photodiode into a color sensitive photodiode. Two 
elementary physical effects can be taken into account: 
 

• Different available layers in the X-FAB 0.6µm BiCMOS can be placed over a 
standard PIN photodiode to function as an optical color filter. 

• The different penetration depth of light with different wavelength into silicon 
might be used to detect the color. 

 
The first effect is evaluated using detectors based on the standard X-FAB PIN 
photodiode. Additional to this standard PIN photodiode layout different available layers 
of the X-FAB 0.6µm BiCMOS process are applied on the surface as color filters. 
The detectors using the second effect are based on the different penetration depth. They 
consist of two vertically stacked active diode regions – a shallow one near the surface and 
a deep one in the depth of the semiconductor. Due to the effect that short wavelengths 
light only penetrates shallow into silicon, the shallow diode generates a photocurrent 
when the incident light is in the blue-green regime, while the deep diode generates a 
photocurrent when the radiation is in the red or NIR regime (wavelength with deep 
penetration depth). 
To compare the different diode types a computer controlled measurement setup 
(LabVIEW application) was developed. The responsivity curve of the different diodes 
was measured in the wavelength range from 400 to 900nm and was compared with the 
standard PIN photodiode used as reference. 
It turned out that in principle both approaches are capable for color detection. Due to the 
better performance of photodetectors based on the different penetration depth they seem 
to be more suitable for integrated color detection. 
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KURZFASSUNG 
Das Ziel der folgenden Arbeit ist die Realisierung von farbsensitiven Photodetektoren, 
die ohne zusätzliche Filter oder Produktionsschritte hergestellt werden können, um die 
Produktionskosten so gering als möglich zu halten. Die Photodetektoren sollen mit dem 
X-FAB 0,6µm BiCMOS Prozeß ohne Verwendung von zusätzlichen Masken und ohne 
Prozeßmodifikationen hergestellt werden. Die erste Aufgabe ist es nach Möglichkeiten 
und physikalischen Effekten zu suchen, um aus einer normalen Photodiode eine 
farbsensitive Photodiode zu machen. Dabei dienen als  Grundlage zwei verschiedene 
Ansätze: 
 

• Verschiedene, standardmäßig im X-FAB 0,6µm BiCMOS Herstellungsprozeß 
vorhandene, Halbleiterschichten werden auf die Oberfläche einer normalen PIN 
Photodiode als Farbfilter aufgebracht. 

• Die unterschiedlichen Eindringtiefen des Lichts unterschiedlicher Wellenlängen 
in Silizium werden benutzt, um die Lichtfarben unterscheiden zu können. 

 
Die Photodetektoren, die mit zusätzlichen Strukturen als Farbfilter arbeiten, basieren auf 
einer normalen PIN Photodiode, auf deren Oberfläche verschiedene Strukturen, welche 
im X-FAB 0.6µm BiCMOS Prozeß standardmäßig vorhanden sind, aufgebracht werden. 
Dazu eignen sich im speziellen die transparenten Polysiliziumschichten des BiCMOS 
Prozesses. 
Die Farbdetektoren, die auf der unterschiedlichen Eindringtiefe von Licht 
unterschiedlicher Wellenlänge basieren, bestehen aus zwei vertikal untereinander 
liegenden Photodioden – eine knapp unter der Oberfläche und eine in der Tiefe des 
Halbleiters. Da Licht kurzer Wellenlänge weniger tief in Silizium eindringt als Licht 
langer Wellenlänge, erzeugt die obere Diode einen Photostrom wenn Licht mit blau-
grünem Spektrum eingestrahlt wird während die tief liegende Diode bei Einstrahlung von 
Licht mit rotem oder nahen infrarotem Spektrum Strom erzeugt. 
Um die unterschiedlichen Diodentypen vergleichen zu können, wurde ein Meßsystem 
entwickelt, welches mit Hilfe eines Computers (LabVIEW Programms) angesteuert wird. 
Die Responsivitätskurve der einzelnen Dioden wird im Wellenlängenbereich von 400 bis 
900nm vermessen und mit der normalen PIN Photodiode, die als Referenzdiode 
verwendet wird, verglichen. 
Es hat sich herausgestellt, daß im Prinzip beide Ansätze geeignet sind, um farbsensitive 
Dioden zu realisieren. Allerdings zeigen die Dioden, die auf der unterschiedlichen 
Eindringtiefe basieren, eine stärkere Farbabhängigkeit und eine größere Responsivität. 
Daher dürften diese Dioden besser für die Entwicklung von farbsensitiven 
Photodetektoren geeignet sein. 
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2. LIST OF SYMBOLS 
 
Symbol Description Unit 
   
c Speed of light in a medium cm/s 
c0 Speed of light in vacuum cm/s 
d Groove spacing nm 
dARC Thickness of antireflection coating µm 
E Photon energy eV 
E Electric field V/cm 
E̅ Etendue  
Eg Energy bandgap eV 
F Instrumental focal length mm 
G Photo generation (e-h-p) cm-3/s 
G̅ Groove density gr/mm 
h Planck constant Js 
I Current A 
I0 Intensity factor ehp/cm3

Iph Photocurrent A 
m Diffraction order  
N Impurity concentration cm-3 

n̅ Refractive index  
N̅ Number of grooves  
n̅ARC Refractive index of antireflection coating  
n̅S Refractive index of surroundings  
n̅SC Refractive index of semiconductor  
P̅ Optical power in a semiconductor W 
Pblue Optical power blue fiber W 
Pm Measured optical power W 
Popt Incident optical power W 
Pwhite Optical power white fiber W 
R Resolving power  
R̅ Reflectivity  
Rg Grating diffraction efficiency  
Rm Mirror reflectance  
Sh Slit height cm 
Sw Slit width cm 
T Absolute temperature K 
T̅ Transmission efficiency  
td Drift time s 
tf Fall time s 
tr Rise time s 
W Width of space charge region µm 
Wg Grating width mm 
y y direction µm 
α Absorption coefficient µm-1 
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Symbol Description Unit 
   
ηi Internal quantum efficiency % 
ηo Optical quantum efficiency % 
θ Grating rotation angle ° 
κ̅ Extinction coefficient  
λ Wavelength in a medium nm 
λ0 Wavelength in vacuum nm 
λc Wavelength corresponding to Eg nm 
∆λ Resolution nm 
μ Mobility cm2/Vs 
µn Electron mobility cm2/Vs 
µp Hole mobility cm2/Vs 
ν Frequency of light Hz 
τn Electron lifetime s 
τp Hole lifetime s 
υ Carrier velocity cm/s 
υsat Saturation velocity cm/s 
ϕ Ebert angle ° 
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3. LIST OF ABBREVIATIONS 
 
ARC Anti Reflection Coating  
BiCMOS Bipolar Complementary Metal Oxide Semiconductor  
CCD Charge Coupled Device  
CD Compact Disc  
CMOS Complementary Metal Oxide Semiconductor  
CYGM Cyan Yellow Green Magenta  
DVD Digital Versatile Disc  
EDA Electronic Design Automation  

GPIB General Purpose Interface Bus  
IEEE Institute of Electrical and Electronic Engineers  
IR Infrared  
JPEG Joint Photographic Experts Group  
LabVIEW Laboratory Virtual Instrumentation Engineering Workbench  
NIR Near Infrared  

PC Personal Computer  
PIN Positive Intrinsic Negative  
PN Positive Negative  
RGB Red Green Blue  
RGBW Red Green Blue White  
ROM Read Only Memory  
SCPI Standard Commands for Programmable Instrumentation  
SCR Space Charge Region  
TIFF Tagged Image File Format  
UV Ultra Violet  
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4. BASICS AND THEORY 

4.1. BASICS OF OPTICAL ABSORPTION 
Optical absorption is a process which converts optical energy into electrical energy. Due 
to the work of Albert Einstein and Max Planck it is possible to describe light not only 
by wave formalism but also by quantum-mechanical particle formalism. The smallest 
known unit of light is called photon. Photons are used to characterize electromagnetic 
radiation from the far infrared to the extreme ultraviolet spectrum. The velocity of 
photons c in a medium with an optical index of refraction n̅ is given by 
 
  (4.1) 

    
where c0 is the speed of light in vacuum (n̅ = 1). Photons are defined to be massless. 
They can be characterized by their frequency ν and their wavelength λ: 
 
  (4.2) 

   
The frequency of the photon is the same in vacuum and in a medium with a refraction   
n̅ > 1. Therefore the wavelength of a photon in a medium with n̅ > 1 is shorter than the 
vacuum wavelength λ0.  
Another way to characterize photons is to describe them by their energy E where h 
represents Planck´s constant (h = 6.626·10-34 J·s): 

 
  (4.3) 

   
This formula can be used to calculate the boundary wavelength of a semiconductor in 
dependence of its bandgap. The bandgap of silicon Eg = 1.1eV leads to its boundary 
wavelength: 
 
 1110  (4.4) 

  
Therefore silicon photodiodes can only detect light with wavelengths shorter than 
1110nm. For light with wavelengths longer than 1110nm silicon is transparent and no 
light is absorbed. 
A second limit for photon absorption in silicon exists due to the fact that the penetration 
depth decreases for short wavelengths. At around 350nm the penetration depth is nearly 
zero and the electron-hole pairs are not generated in a usable depth.  
These two borders describe the useable range for integrated silicon photodetectors (350-
1100nm). 
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4.2. SEMICONDUCTOR MATERIALS 
In semiconductor materials the energy of a photon can be absorbed by an electron in the 
valence band. If the energy of the photon is larger than the bandgap energy Eg of the 
semiconductor, the electron is moved from the valence band to the conduction band, the 
photon is absorbed and an electron-hole pair is generated [1]. Photons with energy 
smaller than Eg cannot be absorbed and the semiconductor is transparent for light with 
wavelengths longer than λc = hc0 / Eg. The number of generated electron-hole pairs 
depends on the absorption coefficient α of the semiconductor. The absorption 
coefficient α determines the penetration depth 1/α of the light in the semi-conductor 
according to Lambert-Beer´s law: 
 
  (4.5) 
   
In essence this law states the logarithmic dependence between the transmission of light 
through a semiconductor and the local intensity. 
 
 

 

Figure 4.1 Lambert-Beer´s law [2] 

The absorption coefficient α depends strongly on the semiconductor material and on the 
wavelength of light. For wavelengths longer than λc the energy of light is smaller than 
the bandgap energy Eg and the semiconductor material is transparent. Therefore the 
absorption coefficient α is zero for wavelengths longer than λc, for wavelengths shorter 
than λc the absorption coefficient α increases to the fundamental absorption. Figure 4.2 
shows the absorption coefficients for the most important semiconductors. 
The widest wavelength range is offered by Ge including the wavelengths 1.3μm and 
1.5μm which are used for long distance optical data transmission via glass fibers. The 
direct semiconductors GaAs and InP have high absorption coefficients in the visible and 
near infrared spectrum while the absorption coefficient of the indirect semiconductor Si 
is one or two orders of magnitude lower in this spectral range. This results in a much 
thicker absorption zone in silicon detectors which makes silicon photodiodes rather 
slow (limited carrier mobility). On the other hand silicon is the economically most 
important semiconductor and so it is worthwhile to research silicon optoelectronic 
devices and integrated circuits even with its suboptimal optical properties. 

0

1

I(y
)
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Silicon photodetectors and receivers are a good choice in case high volumes are needed 
and the price has to be low as e.g. in consumer electronics such as audio CD, CD-ROM 
and DVD systems. 
 
 

 

Figure 4.2 Absorption coefficients of important 
semiconductor materials [3] 

Table 4.1 lists the absorption coefficients and the intensity factors (ehp/cm3 means 
electron-hole pairs/cm3) of silicon for several wavelength of technical interest.  
 
 

Wavelength [nm] α [µm-1] I0 [ehp/cm3] 
430 5.70 9.00 × 1022 
635 0.38 6.00 × 1022 
680 0.24 3.79 × 1021 
780 0.12 1.89 × 1021 
850 0.06 95.0 × 1020 

Table 4.1 Absorption coefficients α and intensity factors 
Io of silicon [4] [5] 

 

4.3. SEMICONDUCTOR EQUATIONS 
One of the main properties of photodetectors, their speed, depends on carrier drift and 
minority carrier diffusion. In conventional semiconductor materials the carrier drift is a 
much faster process than the carrier diffusion.  
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For a real application also the pn junction capacitance and the serial resistance reduces 
the speed of the photodiode. 

4.3.1. CARRIER DRIFT 
As mentioned before the carrier mobility is the parameter which is liable for the speed 
of the photodetector. The mobility of the carriers depends on the doping concentration 
and on the applied electric field. Table 4.2 gives an overview over the different 
parameters for silicon. 
 
 

Parameter Electrons Holes 
µmin [cm2/Vs] 17.8 48.0 
µmax [cm2/Vs] 1350 495 
Nref [cm-3] 1.072 × 1017 1.606 × 1017 
νn, p -2.3 -2.2 
χn, p -3.8 -3.7 
αn,p 0.73 0.70 

Table 4.2 Electron and hole mobility and further 
parameters of silicon [3] 

The mobility of the carriers in dependence of the total impurity concentration Ntotal and 
the temperature T in K is given by  
  

 ,
, ⁄ ,
⁄ ,⁄  (4.6) 

   

 ,
, ⁄ ,
⁄ ,⁄  (4.7) 

   
where Ntotal is the sum of the concentrations of acceptors and donors [6] [7]. 
Figure 4.3 shows the connection between the carrier mobility in silicon and the doping 
concentration for T = 300K. 
The dependence of the carrier mobility in silicon on the electric field can be described 
by  
 
 

⁄
 (4.8) 

   
 

⁄
 (4.9) 

   
where  and  are the saturation velocities of the carriers in cm/s [6]. The 
saturation velocity can be calculated from [6]: 
 

 .
⁄  (4.10) 
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Figure 4.3 Carrier mobility in silicon versus total doping 
concentration 

Figure 4.4 shows the dependence between the carrier mobility and the electric field 
calculated with (4.8) and (4.9) for a very low doping concentration as used in the 
intrinsic zone of a PIN photodiode. 
 
 

 

Figure 4.4 Carrier mobility versus electric field for a low 
doping concentration 



4. Basics and Theory 

11 

As seen in Figure 4.4 the carrier mobility decreases for electric fields larger than 
approximately 2000V/cm. The drift velocities are proportional to the electric field for 
small values of the electric field. The electron drift velocity saturates for electrical fields 
larger than 10000V/cm while the electrical field has to exceed 100000V/cm to reach the 
hole saturation velocity. 
 
 

 

Figure 4.5 Carrier drift velocity versus electrical field for 
a low doping concentration 

Another important quantity is the carrier drift time td. This is the time needed by carriers 
to drift through a space charge region with the width W. Its value is defined by W and 
the drift velocity υ which depends on µ and E. 
The drift time is the main limitation of rise and fall time tr and tf of the photodiode 
output signal. Therefore the maximum data rate of the photodetector is limited by the 
carrier drift time. 

4.3.2. CARRIER DIFFUSION 
Charges (electron-hole pairs) created in regions of the semiconductor without an 
electrical field is present, move at random due to the thermal energy. They do not 
immediately yield a photocurrent. In a typical photodiode there are two such regions. 
The first region is the heavily doped region on the surface of the diode and the other 
region is in the depth of the semiconductor. The surface region is in most cases not very 
thick so that the light can reach the pn junction with minimal losses. Hence the area 
without an electrical field on the surface of the semiconductor is very small. The more 
critical region is below the space charge region (SCR) because it is much thicker than 
the surface region. Therefore much electron-hole pairs might be generated in this region 
without electrical field. Figure 4.6 shows the heavily doped surface region p+, the space 
charge region (SCR), the lower doped n region and drift and diffusion zones of a 
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photodiode. The diagram on the left side shows the distribution of the electrical field 
inside the diode and the diagram on the right side shows the generation rate G of 
electron-hole pairs in dependence of different wavelengths of light – shorter 
wavelengths (blue light) cause a higher generation rate G in shallow regions while 
longer wavelengths (red or NIR light) cause a higher generation rate G in the deeper 
regions. 
 

 

Figure 4.6 Drift and diffusion regions in a photodiode [8] 

Whenever electron-hole pairs are generated in a field free area, there are two possible 
scenarios. Either they recombine after their lifetimes τn and τp or they can reach a drift 
region within τn and τp.  As soon as they reach a drift region they are accelerated by the 
electrical field and cause a photocurrent. Hence the statistical distribution of the 
generated carriers (in either drift or diffusion region) causes a certain delay between the 
light incidence and the resulting photocurrent.  
 
 

 

Figure 4.7 Transient behavior of the photocurrent for 
carrier drift and diffusion 
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Figure 4.7 shows the relation between the light incidence and the photocurrents caused 
by carrier drift and carrier diffusion. The shape of the photocurrent is characteristic for 
the diffusion of the carriers in the second region, because they have a longer distance to 
the drift zone which causes a longer delay between the light incidence and the resulting 
photocurrent. 
In conclusion it is necessary to avoid carrier diffusion to build fast photodetectors. This 
can either be achieved by using short wavelengths (larger absorption coefficient) or by 
using a different semiconductor material. Additionally the size of the SCR can be 
increased by three factors: thicker intrinsic zone, larger reverse voltage or reduced 
intrinsic zone doping [3]. In a BiCMOS process the intrinsic zone doping and thickness 
can be adjusted by selecting the appropriate waver starting material. The reverse voltage 
is usually limited by the process specification. 

4.3.3. QUANTUM EFFICIENCY AND RESPONSIVITY 
The external quantum efficiency ηe is defined as the number of photo generated 
electron-hole pairs, which contribute to the photocurrent, divided by the number of the 
incident photons. It can be calculated from the measured photocurrent for a known 
incident optical power. 
Due the different refraction indexes of the surrounding air n̅S (n̅S = 1.00) and the 
semiconductor n̅SC (e.g. Si, n̅SC ≈ 3.5) a part of the incident optical power is reflected [4]. 
The reflectivity R̅ can be calculated by 
 

 22

22

)1(
)1(

κ
κ

++
+−

=
sc

sc

n
nR  (4.11) 

 
where κ̅  is the extinction coefficient of an absorbing medium. The extinction coefficient 
is sufficient for the absorption of a medium. The absorption coefficient α is defined by: 
 

 
0

4
λ

κπα =  (4.12) 

 
The optical quantum efficiency ηo is calculated by: 
 
 Ro −= 1η  (4.13) 
 
To reduce the reflected part of the incident optical power a antireflection coating (ARC) 
with the thickness dARC 
 

 
ARC

ARC n
d

4
0λ

=  (4.14) 

 
and the index of refraction n̅ARC 
 
 SCSARC nnn =  (4.15) 
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can be applied on the surface of the semiconductor (Figure 4.8). For silicon 
photodetectors, SiO2 (n̅ARC = 1.45) or Si3N4 (n̅ARC = 2.0) are commonly used [3]. 
 
 

 

Figure 4.8 Semiconductor with antireflection coating 

Due to the partial reflection of the light on the surface it is useful to define the internal 
quantum efficiency as the number of generated electron-hole pairs, which contribute to 
the photocurrent, divided by the number of photons which penetrate into the 
semiconductor. Therefore the external quantum efficiency is the product of the optical 
quantum efficiency ηo and the internal quantum efficiency ηi: 
 
 ioe ηηη =  (4.16) 
 
Another important figure for the performance and usability of photodetectors is the 
wavelength dependent responsivity R. It is a measure of the sensitivity to light, and it is 
defined as the ratio of the photocurrent Iph and the incident optical power Popt at a given 
wavelength: 
 

 
W
A

hc
q

P
I

R e
e

opt

ph

243.1
00 ηληλ

===  (4.17) 

 
where λ0 is given in μm. In other words, it is a measure of the effectiveness of the 
conversion of optical power into electrical current. 
Figure 4.9 shows the responsivity of real photodetectors in dependence on the 
wavelength. The dashed line represents an ideal photodetector with a quantum 
efficiency ηe = 100%. The responsivity of real photodetectors is always lower due to the 
partial reflection on the semiconductor surface and due to the partial recombination of 
the electron-hole pairs in the semiconductor. 
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Figure 4.9 Spectral responsivity of real photodetectors 
and theoretical limit [9] 

 

4.4. PIN PHOTODIODE 
The PIN photodiode is structured as a sandwich with a low doped intrinsic region 
(down to 1013cm-3) [10] between the higher doped p+- and n+-zones (Figure 4.10).  
 
 

 

Figure 4.10 PIN photodiode 
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In common applications the PIN photodiode is usually reverse-biased. It acts as a 
current source and generates a photocurrent that is proportional to the incident light. 
Due to the reverse-bias the p+-region develops a negative charge while the n+-region 
develops a positive charge. The intrinsic region has only a small number of free carriers 
and is easily depleted. The intrinsic region has a very low doping concentration 
compared to the high doped n+ and p+-region and therefore the electrical field is nearly 
constant in the depletion region (Figure 4.11). The drift region extends entirely over the 
complete intrinsic region (if the applied reverse-bias voltage is high enough). With a 
further increase of the reverse-bias voltage the space charge region cannot extend 
further into the high doped p+ and n+-regions and therefore the electrical field increases 
inside the intrinsic zone. This accelerates the generated electrons and holes to a high 
velocity and increases the speed of the photodiode. This is a major improvement over 
the pn photodiode. Therefore PIN photodiodes are generally faster than pn photodiodes 
(even if the depletion region is thicker than in the pn photodiode). The thick depletion 
region dramatically improves the (dynamic) responsivity of the photodiode.  
  
 

 

Figure 4.11 Drift region and distribution of the electric 
field in a PIN photodiode [8] 

Since the absorption length is primarily defined by the intrinsic region, the p+-layer, 
which is penetrated by the light first, it needs only to be thick enough to provide a 
suitable ohmic contact to the external circuit. This reduces the carrier diffusion effects 
in the surface layer so that nearly all the photons that generate electron-hole pairs are 
absorbed in the intrinsic region, where the carriers are swept out at a high speed by the 
applied electric field [11]. 
To minimize carrier diffusion in the n+-layer in the depth of the semiconductor it is 
necessary to avoid the photo generation in regions below the edge of the space charge 
region SCR. Therefore it is essential to increase the thickness of the intrinsic zone (drift 
region) to at least in the range of the penetration depth of light. Due to the low optical 
absorption coefficient of silicon e.g. for a wavelength around 700nm a thickness of at 
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least 10μm is needed. For a PIN photodiode this can be done easily by increasing the 
intrinsic zone. In a semiconductor process this is done by selecting the appropriate 
semiconductor wafer starting material (epi wafer). 

4.5. COLOR DETECTION 
Typical photodiodes can only detect light intensity, but have little or no wavelength 
sensitivity. Thus it is not possible to separate color information without additional 
techniques. In that work two approaches for color detection based on PIN photodiodes 
will be discussed: 
 

• Color detection using optical filter layers 
• Color detection due to the different penetration depths of light with different 

wavelengths in semiconductor materials 
 

4.5.1. COLOR DETECTION WITH FILTER PATTERN 
A classic approach is to use an array of photodiodes with a mosaic of tiny color filters 
placed over the photodiodes to capture color information. Each photodiode is covered 
with a certain filter and records one distinct color (Figure 4.12).  
 
 
 

 

Figure 4.12 Bayer filter pattern [12] 

The color filter is only transparent for a certain wavelength range. By combining 
different pixels with different color filters the information about the real color of light 
can be measured. The raw image data captured by the image sensor is converted to a 
full-color image by a demosaicing algorithm which is tailored for each type of color 
filter.  
The typical Bayer color filter array shown in Figure 4.12 uses two green-filtered pixels 
for every red and blue one. The green photosensors are called luminance-sensitive 
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elements and the red and blue ones chrominance-sensitive elements. There are twice as 
many green elements as red or blue ones to mimic the human eye´s greater resolving 
power with green light. The raw output of a Bayer filter camera is referred to as a Bayer 
pattern image. Since each pixel is filtered to record only one of the three colors, two-
thirds of the color data is missing from each. To obtain a full-color image it is necessary 
to interpolate a set of complete red, green and blue values for each point (Figure 4.13).  
 
 

 

Figure 4.13 Profile/cross section of a Bayer mosaic 
sensor [12] 

Different algorithms requiring various amounts of computing power result in varying-
quality final images. This can be done in-camera, producing a JPEG or TIFF image, or 
outside the camera using the raw data directly from the sensor. 
Although the Bayer filter type is almost universal on consumer products there are some 
alternatives like the RGBW filter (red, green, blue, white), the CYGM filter (cyan, 
yellow, green, magenta) and the RGBE filter (red, green, blue, emerald). 
The basic idea of the RGBW filter is to increase the sensitivity to light of the image 
sensor by using some panchromatic cells sensitive to all wavelengths of visible light. In 
contrast to the original Bayer design, where the green pixels are used to recover most of 
the luminance information, in the RGBW design the panchromatic pixels are used to 
recover the luminance information. These panchromatic pixels are more sensitive than 
the green pixels, because none of the photons are filtered out. Figure 4.14 shows 
different patterns that can be used for a RGBW pixel sensor.  
 
 

 

Figure 4.14 Different patterns that can be used [13] 
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Another alternative to the Bayer filter is the CYGM filter. It similarly uses a mosaic of 
pixel filters, of cyan, yellow, green and magenta and also requires demosaicing to 
produce a full-color image (Figure 4.15). It gives more accurate luminance information 
than the Bayer filter, hence a wider dynamic range, but at the expense of color accuracy. 
The CYGM filter is far less common than the Bayer filter. 
 
 

 

Figure 4.15 CYGM filter pattern [14] 

The RGBE filter was developed by Sony as an alternative to the Bayer filter. It uses a 
mosaic of pixel filters with the colors red, green, blue and emerald (Figure 4.16). Sony 
states that the reason for adding the fourth filter color is to reduce the color reproduction 
errors and to record natural images closer to the natural sight perception of the human 
eye [15].  
 
 

 

Figure 4.16 RGBE filter pattern [16] 
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Although color filter arrays are widely used (digital camera) they have some significant 
disadvantages. When considering the image quality vectors of sharpness and artifact 
control, the color filter array represents an inefficient use of silicon area because it is 
necessary to interpolate the color information from four pixels to obtain one full color 
pixel. Due to the sparse nature of sampling following is necessary: 
 

• Interpolation of the missing color data to create three complete color image 
planes (RGB) 

• Sharpening of the image to account for the inherent reduction in the sharpness of 
the luminance and chrominance 

• Suppression of color aliasing artifacts resulting from incomplete sampling in the 
image plane and the phase offsets of the color channels. 

 
To combat the third effect noted above, an optical blur filter, also known as an anti-
aliasing filter, or an optical low-pass filter, is usually employed in consumer and 
professional digital cameras. Blur filters reduce the color aliasing artifacts caused by 
spatial phase differences among the color channels (i.e. the red, green, and blue filters 
are placed next to each other). Two blur filters are typically placed in the optical path: 
one to blur in the horizontal direction, the other in the vertical. The blur filters reduce 
color aliasing at the expense of image sharpness.  
Fabricating these filters for large image sensors found in high end cameras is expensive. 
In the very low-end markets the costs of these blur filters are prohibitive and the current 
quality requirements are not such that these filters are used. 

4.5.2. COLOR DETECTION BY PENETRATION DEPTH EFFECTS 
The indirect bandgap of silicon makes the material semi-transparent. As light enters the 
sensor, it is absorbed to produce electron-hole pairs in proportion to the absorption 
coefficient α. High energy photons, those at the blue end of the spectrum, are absorbed 
near the surface whereas lower energy photons might penetrate deeper into the silicon 
substrate before they are absorbed. The optical power P̅  
 

 yePyP α−= 0)(  (4.18) 
 
decreases exponentially as the light penetrates the silicon. Additionally the absorption 
coefficient decreases for increasing wavelength leaving only red and IR light to 
penetrate beyond a few μm. The penetration depth δ is defined by: 
 

 
α

δ 1
=  (4.19) 

 
Silicon has an absorption curve that varies by nearly two orders of magnitude over the 
visible range (Figure 4.17). This variation provides sufficient room to stack multiple 
diode junctions at different depths. These are capable of separating photons of different 
wavelengths. Additionally such a diode is amenable to fabrication using standard 
(Bi)CMOS manufacturing processes. 
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Figure 4.17 Spectral light absorption in silicon [17] 

The idea is to use an array of pixels, where each pixel consists of three vertically 
stacked photodiodes. This array can be organized in a two-dimensional grid. Each of the 
three stacked photodiodes responds to different wavelengths of light due to the different 
penetration depths. The signals from the three photodiodes are processed. The resulting 
data provides the three additive primary colors red, green and blue. 
 
 

 

Figure 4.18 Color absorption in silicon and the vertical 
color sensor 

Figure 4.18 shows the absorption of colors of the full spectrum according to their 
wavelengths as it passes through the silicon wafer. The right side shows a schematic 
drawing of a sensor that absorbs first the blue wavelength photons as the incident light 
enters the device, then the green photons, and finally the red photons at the deepest 
layer [18]. 
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The benefit of this pixel sensor is the direct measurement of red, green and blue light at 
each location. Stacking color pixels one on top of another increases the sampling 
density in the image plane. This results in improved sharpness for luminance and 
chrominance as well as in a lack of color aliasing artifacts.  
 
 

 

Figure 4.19 Bayer filter pattern vs. vertical image sensor 
[19] 

Figure 4.19 shows the difference between a conventional Bayer filter pattern and a 
vertical image sensor. While the color information generated by the Bayer filter pattern 
has to be interpolated to create three complete color planes, the vertical image sensor 
creates the full color information for every pixel. Thus results in improved sharpness 
and avoids color aliasing artifacts resulting from the incomplete sampling of the image 
data. 
 
 

 

Figure 4.20 Edge detection – Bayer filter pattern vs. 
vertical image sensor 
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Figure 4.20 shows the reproduction of a sharp edge between a white and a black area. It 
can be seen, that there is a color aliasing resulting from incomplete color data and 
interpolation if using a Bayer filter pattern. The vertical image sensor captures the 
whole color information in every pixel and so interpolation is not necessary which 
results in a sharp picture without any aliasing effects. 
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5.  PHOTODIODE DESIGN 
For the design of color sensitive photodiodes two different concepts are used. One idea 
is to use the different semiconductor layers as color filters, which are available by 
default in the standard X-FAB 0.6μm BiCMOS process. The other idea is to use the 
different penetration depths of light with different wavelengths in silicon. The benefit of 
these two concepts is that the color sensitivity can be achieved without any additional 
color filters or additional production steps. Therefore no additional costs are generated 
by the realization of color sensitive photodiodes. In this work all designed color 
sensitive photodiodes are based on the standard X-FAB 0.6μm BiCMOS optical PIN 
diode with an active photodiode area of 100x100µm2. Figure 5.1 shows the principle 
stack of the PIN diode. The diodes are designed with the Cadence Design System 
Virtuoso which is an electronic design automation (EDA) software for full-custom 
integrated circuit design. The Virtuoso platform includes tools for schematic entry, 
behavioral modeling, circuit simulation, full custom layout, physical verification, 
extraction and back-annotation. 
 

5.1. X-FAB 0.6µm BICMOS OPTICAL PIN DIODE 
 

 

Figure 5.1 Optical PIN diode [20] 

The X-FAB 0.6μm BiCMOS process is based on a silicon wafer (epi wafer). The anode 
of the PIN diode is composed of the p-substrate which is contacted by the p-buried/p-
well/p+-structure. The thin n+-layer near the semiconductor surface acts as the cathode. 
The n-epi and the p--substrate acts as the intrinsic layer of the photodiode. On the top of 
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the semiconductor lies a stack of different oxide layers which results from the different 
production steps. To prevent loss of the incident light resulting from reflection and 
absorption at the different oxide layers, an optical window is etched through the oxide 
stack. To reduce the losses of the incident light by reflection on the surface of the 
semiconductor (due to the different refraction indexes of the semiconductor n̅SC and the 
surrounding air n̅S) an anti-reflection-coating ARC with the thickness dARC (4.14) and 
the refraction index n̅ARC (4.15) is applied on the semiconductor surface. 
For a cross section of a diode with an optical window etched through the oxide-layer 
and an ARC layer see Figure 5.2.  
 
 

 

Figure 5.2 Cross section of diode window edge with ARC 
[17] 

Figure 5.3 shows the engineering drawing of an optical PIN diode in the Virtuoso layout 
editor which is part of the Cadence design system. 
 
 

 

Figure 5.3 Optical PIN diode in the Virtuoso editor 
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On the left side is the diode with the optical window (red) and the different layers 
placed. The two dark brown spots on the right side are pads, needed to contact the diode 
for instance with a bond wire. The grey area around the diode is a metal layer to avoid 
light irradiance into the semiconductor beside the active diode area. This is necessary to 
prevent unwanted carrier diffusion. 

5.1.1. DOPING PROFILES 
The fastest photodiode is a construction where all carriers are generated inside the SCR, 
inside the electric field E. This can be realized by using a very low doped intrinsic zone 
(formed by n-epi and p-substrate layer). The anode (high doped p+-substrate) should be 
deeper than the penetration depth of light to ensure that only a small amount of charges 
are generated in the high doped anode (diffusion). 
This can be realized in conventional BiCMOS technology using a 15µm thick epi layer 
waver with a doping concentration of approximately 1e13cm-3 as intrinsic layer.  Below 
the epi layer is the highly doped bulk substrate with a doping concentration of 1e18cm-3 
[17]. The bulk acts as anode while the n+ diff (BiCMOS process step) acts as cathode. 
The doping profiles, the depletion width and the relevant light penetration for 
wavelengths up to 900nm can be seen in Figure 5.4. 
 
 

 

Figure 5.4 N-I-P Diode profiles, depletion width and light 
penetration 

 

5.2. FILTERING EFFECTS 
The basic idea is to modify the standard X-FAB PIN photodiode (Figure 5.1) with 
different additional layers, available by default in the X-FAB 0.6µm process. These 
layers are placed between the n+ layer on the surface of the semiconductor and the ARC 
layer (Figure 5.5). The color sensitivity should be achieved by the different optical 
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absorption properties of the added layers. Depending on the wavelength of the incident 
light a part of the light is absorbed in the additional layers. The remaining light passes 
the filter and penetrates into the semiconductor where electron-hole pairs are generated. 
This causes a photocurrent which is proportional to the light which is not absorbed by 
the extra layers. Following layers are used for this purpose: 
 

• Oxide layers (no optical window etched) 
• Polysilicon layer 1 
• Polysilicon layer 2 

 
Combinations of the different layers are possible to create additional different optical 
properties. Also feasible are mixed structures consisting of an array of small diodes with 
different filter layers. Every second diode for instance could have an additional layer as 
color filter while the other diodes are standard PIN type. This would result in different 
color sensitivities for the two different diode types (like a filter patter). 
 
 

 

Figure 5.5 Additional layers of the BiCMOS process as 
color filters 

 

5.2.1. OXIDE LAYERS AND SILICON NITRIDE AS COLOR FILTER 
Before the light gets into the silicon it has to penetrate the different coating layers which 
are grown or deposited intentionally for insulating the different interconnection levels 
(metals) and for passivating the chip against environmental and mechanical influences. 
These layers might consist of different kinds of silicon oxide (thermally grown, 
deposited, spun-on), silicon nitride or mixtures of them. 
These layers are basically transparent for light in the visible and near infrared (IR) 
range. Only silicon nitride is known for its absorption in the ultraviolet (UV) range. 
Figure 5.6 shows the spectral light absorption in silicon nitride. 
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Therefore it can be assumed that a photodiode with a complete oxide stack is less 
sensitive for light in the UV regime than for light in the visible and near IR range. 
 
 

 

Figure 5.6 Light absorption in silicon nitride [17] 

Figure 5.7 shows a schematic cross section of a PIN photodiode without an optical 
window etched through the different oxide layers.  
 
 

 

Figure 5.7 PIN photodiode without optical window 
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5.2.2. POLYSILICON LAYER 1 AS COLOR FILTER 
Another attempt is to use the polysilicon layer 1 as color filter. The polysilicon layer 1 
is green colored which can be seen under the microscope. Therefore it can be expected 
that light in the blue-green regime is absorbed/reflected more than in the red regime. 
Figure 5.8 shows a cross section of the diode. 
 
 

 

Figure 5.8 Photodiode with polysilicon layer 1 

 

 

Figure 5.9 Polysilicon layer 1 grid structure 

The polysilicon layer 1 is applied on the semiconductor surface some production steps 
previous to the n+ layer. This is due to the fact that the polysilicon layer 1 is used as gate 
for MOS transistors. By processing the gate earlier than the n+ (source and drain areas) 
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the so called self adjusting MOS transistor process is realized. Thus it is necessary to 
apply the polysilicon layer 1 in a dot structure to make an n+ implant grid possible. This 
grid structure can be seen in the cross section (Figure 5.8) and in the technical drawing 
of the diode (Figure 5.9). 

5.2.3. POLYSILICON LAYER 2 AS COLOR FILTER 
For this photodiode the polysilicon layer 2 is used to achieve wavelength-dependent 
color sensitivity. The polysilicon layer 2 is applied in a later production step than the n+ 
layer implant and therefore it is not necessary to use a dot structure as for the 
polysilicon layer 1 (Figure 5.10).  
 
 

 

Figure 5.10 Photodiode with polysilicon layer 2 

In Figure 5.10 it can be seen that there is an oxide layer between the n+ implant and the 
polysilicon layer 2. This is due to the different production steps of the photodiode and 
cannot be avoided. It’s a matter of fact, that there is an additional absorption of light in 
this oxide layer which cannot be prevented. 

5.2.4. POLYSILICON 1 AND POLYSILICON LAYER 2 AS FILTER 
In this construction both polysilicon layers are used. The polysilicon layer 1 is again 
carried out in a dot structure to make the implant of the n+ layer possible. The 
polysilicon layer 2 on the other hand is applied over the whole photodiode area. This is 
possible because the polysilicon layer 2 is brought up after the n+ layer is implanted. 
Again it is not possible to avoid a thin oxide layer between the polysilicon 1 and the 
polysilicon layer 2 which is caused by the different production steps. 
It is expected that the addition of the two polysilicon layers causes a stronger absorption 
in the blue-green regime than one polysilicon layer alone.  
Another interesting point is the higher absorption of the incident light as a consequence 
of the multiply layers. A cross section of this photodiode is shown in Figure 5.11. 
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Figure 5.11 Photodiode with polysilicon 1 and polysilicon 
layer 2 

 

5.2.5. MIXED STRUCTURES 
For an integrated color sensitive detector it will be necessary to include more than one 
type of diodes into one sensor. This is due to the fact that the absolute value of the 
incident light has to be compared with the signal of a filtered photodetector. From the 
absolute value of the photodiode currents the total incident power can be calculated. 
From the difference of the filtered and unfiltered photodiode currents it is possible to 
estimate the spectral distribution. This only works if both (or more) different 
photodetector types are illuminated with the same power. To get an easy useable color-
sensitive detector it will be necessary to design a dense array of different photodetectors 
so that with one spot of light an equal (and large) number of different photodetectors 
can be illuminated. 
The idea is to integrate different diode types into a single detector. Figure 5.12 shows 
small PIN diodes alternating with polysilicon layer 2 diodes in an array. The normal 
PIN type diodes are used to detect the whole spectrum of the light, while the diodes 
with the polysilicon layer 2 can only detect the light in the red and IR range. 
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Figure 5.12 Mixed photodiode 

As seen in Figure 5.12 the mixed diode has three contacts – one for the cathodes of the 
normal PIN diodes, one for the cathodes of the polysilicon diodes and one combined for 
the anodes of both diode types. Therefore it is possible to measure two photocurrents – 
one represents the light of the whole spectrum while the other only represents the light 
in the red and IR regime. 
The two different diode types and their interconnections can be seen in the detailed view 
of the diodes array in Figure 5.13. 
 

 

Figure 5.13 Detail of a mixed photodiode 
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5.3. PENETRATION DEPTH EFFECTS 
The silicon bandgap of 1.12eV and the band structure cause the typical 
absorption/penetration behavior shown in Figure 4.17. Light with short wavelength is 
absorbed near the semiconductor surface while light with long wavelength can penetrate 
deep into the semiconductor until it is completely absorbed. Therefore light in the blue 
regime generates electron-hole pairs near the surface while light in the red and IR 
regime generates electron-hole pairs also deep in the semiconductor. This effect is used 
to design a color sensitive photodiode. 
Figure 4.17 shows that light with 400nm wavelength only penetrates silicon about 
300nm until it is absorbed. To detect light with such short wavelengths one photodiode 
with a very thin depletion region is placed directly under the surface of the 
semiconductor. 
To detect light in the red and IR range another photodiode is placed in the depth of the 
semiconductor. As shown in Figure 4.17, light with 850nm wavelength is absorbed in a 
depth of around 20µm. Therefore a thick depletion region is necessary for the second 
diode. A schematic drawing of this diode is shown in Figure 5.14. The thickness of the 
p- substrate is not to scale. The depth of the n+ buried layer is about 1µm and the depth 
of the p+ substrat is around 18µm. 
 
 

 

Figure 5.14 Penetration depth effect diode 

The shallow diode is situated between the p+ implant and the n+ buried layer while the 
deep pn junction is between the n+ buried layer and the substrate of the semiconductor. 
Both diodes have their own anode while the cathode is shared. 
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Figure 5.15 Medici simulation depth effect diode 

Figure 5.15 shows a Medici simulation of the two vertical pn junctions in the depth of 
the semiconductor. The blue graph represents the anode current Ip+ of the shallow diode 
while the red graph shows the anode current Ip-substrat of the deep diode. The black graph 
displays the current In buried of the shared cathode. It can be seen that Ip+ and Ip-substrat 
are wavelength dependent – light with shorter wavelengths mainly generates a 
photocurrent in the shallow diode while light with longer wavelengths causes a current 
in the deep diode. The wavelength of the incident light can be determined by the ratio of 
the two anode currents.    
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6. MEASUREMENT SETUP 
To characterize the color sensitivity of different photodiodes it is necessary to measure 
the responsivity curves of the diodes. Therefore an adequate measurement setup was 
developed. For each diode the wavelength of the incident light is stepped from 400 to 
900nm and the light power and the corresponding generated photocurrent is measured 
for each wavelength. The responsivity curves can be calculated to compare the different 
diodes. 
The measurement setup consists of several parts: 
 

• Light source 
• Monochromator 
• Fiber optic beam splitter 
• Optical power meter 
• Electrometer 
• Wafer prober 

 
These components are connected together and the complete measurement is controlled 
by a LabVIEW program. 

6.1. ASB-XE-175 XENON LIGHT SOURCE  
As light source a 175W short-arc xenon (Xe) lamp which provides a broadband output 
from 250nm to 1200nm is used. Xe is generally used as light source for ultraviolet 
(UV), visible and near infrared (NIR) light. The spectrum curve in visible range is 
relatively flat compared to other light sources (Figure 6.1). 
 

 

Figure 6.1 Output spectrum xenon lamp [21] 
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The CERMAX® LX175F xenon lamp is compact, rugged and its efficiency is enhanced 
by an integral parabolic reflector which provides precision system alignment and 
maximum transition of light energy. Figure 6.2 shows the xenon lamp placed inside heat 
sink and housing. 
 
 

 

Figure 6.2 CERMAX® LX175F xenon lamp 

Beam stability is reached instantly following lamp ignition without an imposed time 
delay [21]. The brightness of the light source can be controlled from 0 – 100%. Figure 
6.3 shows the light source with the optical output on the left side, the brightness control 
in the middle and the main power switch on the right side.  
 
 
 

 

Figure 6.3 ASB-XE-175 xenon light source 

Figure 6.4 shows a view into the glowing xenon lamp. In the front the mounting bracket 
and the front cathode can be seen. The electric arc of the lamp burns between the front 
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cathode and the rear cathode which is mounted in the middle of the reflector. Thus the 
electric arc cannot be seen in this picture directly – only its reflection can be seen. 
There are two bright spots on the reflector – one brighter on the upper side and one 
below the center of the reflector. This is important when coupling the light of the source 
into the monochromator, because the entrance slit of the monochromator is many times 
smaller than the reflector area. Dependent on the position of the entrance slit relative to 
the xenon lamp more or less light is coupled into the monochromator. Therefore it 
seems useful to move the entrance slit to the brightest area of the lamp. Unfortunately is 
the brightest light spot in the lamp not very stable – there is jitter in the light power due 
to the thermal convection of the xenon gas inside the lamp. Thus it turned out that it is 
better to place the entrance slit of the monochromator to the bright area below the 
cathode attachment. Of course less optical power is coupled into the monochromator at 
this spot, but instead the light is a lot more stable which is important for the 
measurements. 
 
  

 

Figure 6.4 View in the glowing xenon lamp 

 

6.2. DIGIKRÖM CM110 MONOCHROMATOR 
A monochromator acts as tunable bandpass filter for light. In combination with a broad-
band light source it can be used to create a tunable light source. It can be used to isolate 
a narrow spectral radiation out of the spectral range of the source. This is needed for 
spectral measurements like the characterization of color-sensitive photodiodes. 
The used monochromator is based on a Czerny-Turner with a dual grating turret. It has a 
focal length of 110mm and an f-number of 3.9. It is equipped with a standard RS232 
interface and is controlled by easy-to-use software. It is also possible to write alternative 
software in Visual BasicTM, Visual C++TM or LabVIEW. The monochromator is shown 
in Figure 6.5. 
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Figure 6.5 Digikröm CM110 [22] 

The isolation of a narrow spectral radiation is accomplished by a dispersive element 
such as a grating together with a scanning mechanism. Figure 6.6 shows the functional 
principle of a grating monochromator. 
 
 

 

Figure 6.6 Functional principle of a monochromator [22]  

 

6.2.1. GRATING FUNDAMENTALS 
Gratings use a unique dispersion phenomenon to spread a spectrum of light in space by 
wavelength. A reflective diffraction grating has microscopic periodic corrugated 
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structure (grooves) embedded on a substrate material. The series of parallel grooves are 
spaced at about the wavelength of light. The grating surface is usually coated with metal 
for high reflectivity. 
Interaction of light with a grating possessing grooves in the same size of the radiation 
wavelength exhibits diffraction. Light reflected from the grating surface is diffracted by 
the grooves. Monochromatic light incident on a reflective grating is diffracted first and 
then undergoes a destructive interference in most directions resulting in a cancellation at 
these angles. It is only along certain finite number of direction that rays from grooves 
survive as a result of constructive interference. These directions are termed as 
diffraction orders [22]. The light strikes the grating at an incident angle α and is then 
diffracted at an angle β (Figure 6.7). 
If you want to see this phenomenon in a practical example, simply flip out the CD at the 
end of this work and put it with its plain side on top of a table. When you now look at 
the CD from different angles, the CD seems to change its color. This is due the 
diffraction of light on the CD surface. 
 
 

 

Figure 6.7 Diffraction grating [22] 

When defining integer m as the diffraction order and d as groove spacing, maximum 
constructive interference occurs under the condition: 
 
 )sin(sin βαλ += dm  (6.20) 
 
Several important characteristics are revealed by the above grating equation: 
 

• For a given diffraction angle α, several values of λ may satisfy the equation for 
different orders m. First order radiation (m=1) of 900nm shares the same 
diffraction angle with second order 450nm or third order 300nm radiation. 
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• The diffraction order m may carry a sign of either positive or negative to reflect 
the fact that the incident light may be diffracted on either side of the grating 
normal. 

• If parallel rays, carrying multiple wavelength components, fall on the grating, 
each wavelength within the same order will have a distinctive value of 
β determined by the grating equation. Consequently, a polychromatic light is 
spatially dispersed. 

 

6.2.2. GRATING CHARACTERISTICS 
Gratings are primarily characterized by their groove density and blaze wavelength. For 
example a 1200 x 300 grating would have a groove density of 1200 grooves per 
millimeter and a blaze wavelength at 300nm. 

Groove Density 
The groove density, groove frequency or pitch of a grating G̅ in gr/mm is defined as the 
reciprocal of groove spacing d. 

Blaze Wavelength 

Shaping individual grooves can alter the distribution of light into different orders. The 
optimization of groove profile to maximize grating efficiency in a certain spectral 
region is often referred to as blazing. The maximum grating efficiency occurs at the 
blaze wavelength. 

Grating Efficiency 

Grating efficiency is expressed as the ratio between monochromatic light diffracted into 
a given order and the incident monochromatic radiation. Figure 6.8 shows a typical 
grating efficiency curve. 

Grating Type 

Commercially available gratings are manufactured by processes including ruling, 
replication and holographic methods. Ruled gratings are mechanically ruled with a 
diamond-ruling engine on a surface coated with thin metal. Replicated gratings are 
produced by the replication of a master diffraction grating. Ruled and replicated 
gratings typically have grooves in a triangle format. The production of holographic 
gratings involves the photographic recording of laser generated interference patterns. 
Holographic gratings usually contain sinusoidal shaped grooves. 

Reflective Coatings 
Aluminum is primarily used as the reflective material for gratings throughout UV, 
visible and NIR regions. Protected aluminum coating is more resistant to oxidation, thus 
it is more suitable for UV use. For near infrared and infrared applications, gold coating 
demonstrates superior reflectance performance over aluminum. 
 
 
 



6. Measurement Setup 

41 

Resolving Power 
The resolving power of a grating R is the measure of its ability to separate two close 
wavelength lines. It can be expressed as the product of the diffraction order m and N̅, 
the number of grooves being illuminated by the incident radiation: 
 
 NmR ⋅=  (6.21) 
 
 
 

 

Figure 6.8 Grating efficiency curve [22] 

 

6.2.3. MONOCHROMATOR CHARACTERISTICS 
A grating (Czerny-Turner) monochromator consists of the following key components: 
 

• Entrance slit 
• Collimating/focusing optics 
• Grating dispersing element 
• Exit slit 
• Driving mechanisms 

 
A monochromator is a one-to-one imaging system in which the image of the entrance 
slit appears at the exit for each wavelength passed through the instrument. If the 
incident radiation is a continuous source, infinite series of overlapping monochromatic 
images of the entrance slit are found at the exit slit focal plane. Figure 6.9 shows the 
optical path of a Czerny-Turner monochromator. 
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Figure 6.9 Optical path Czerny-Turner monochromator 
[23] 

The incident radiation consisting of three wavelength components enters through an 
entrance slit, forms a narrow optical image, and is then directed to a collimating mirror. 
The collimating mirror produces a parallel beam and projects it onto the grating. The 
grating disperses the radiation into its component wavelengths at different angles in the 
plane of incidence. Then the focusing mirror reforms the image (of the slit) and focuses 
it on a focal plane. The exit slit isolates the desired spectral band by spatially 
discriminating against the unwanted bands as shown. Mechanical rotation of the grating 
about its vertical axis scans the images through the exit slit. In Figure 6.10 a Czerny-
Turner with three different gratings can be seen. 
 

 

Figure 6.10 Triple grating turret of a Czerny-Turner [24] 
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Resolution 
The Resolution of a monochromator is its ability to separate two close together spectral 
lines. For a fully illuminated grating, the resolution is given by the following equation: 
 

 
dWN g ⋅

==Δ
λλλ  (6.22) 

 
where Wg is the grating width in mm. 

Grating Equation 
The grating equation describes the relationship between the angle of the grating and the 
output wavelength of a Czerny-Turner monochromator: 
 

 
Gm ⋅

=
θφ

λ
sin)

2
cos2(

 (6.23) 

 
where ϕ is the full Ebert angle. This is a fixed angle determined by the position of the 
grating, the collimating mirror and the focusing mirror. It is approximately 25.4° for the 
CM110. 
θ is the angle that the grating rotates measured from the point at which white light is 
specular reflected through the instrument. The maximum angle is 70° for the CM110 
[21].   

Etendue and Transmission Efficiency 

The percentage of light that can be sent from a light source through a monochromator 
would be a desirable measure of its throughput. Unfortunately, the properties of sources 
vary so much that this measure would not provide a useful standard. Instead, two 
separate specifications are useful: 
 

• Etendue - a measure of the degree of coupling that can be achieved 
• Transmission efficiency - a measure of how much of the input light exits the 

monochromator. 
 
The etendue E̅ of an instrument is the product of the physical aperture in cm2 and its 
angular aperture in steradians [22]: 
 

 2

2

F
WSS

E ghw ⋅⋅
=  (6.24) 

 
For a source of given brightness the maximum power in watts that can be coupled into 
the monochromator is the product of the brightness and the etendue. 
The transmission efficiency T̅ describes the light loss within the spectrometer: 
 
 g

N
m RRT ⋅=  (6.25) 
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Where Rm is the reflectance of a single mirror, N the number of mirrors and Rg is the 
diffraction efficiency of the grating. 

f-number 
The f-number is defined as the ratio of diameter and focal length of an optic. It is a 
measure of the acceptance angle of an optical instrument. The f-number is a useful 
concept in judging optimum coupling between monochromators and sources. When the 
f-numbers are matched, the full aperture of the monochromator will be utilized. 

Bandpass 
Bandpass is the wavelength band exiting the monochromator at given wavelength and at 
given slit width. Figure 6.11 shows the measured relationship between the output light 
bandwidth and the slit width of the CM110 monochromator. 
 
 

 

Figure 6.11 Bandwidth vs. slit width [25] 

 

6.2.4. COLOR FILTER 
For a given diffraction angle β, several values of λ may satisfy the grating equation 
(6.20) with the corresponding order m. Thus first order radiation (m=1) with a 
wavelength of λ shares the same diffraction angle as second order radiation (m=2) with 
a wavelength of λ/2 and third order radiation (m=3) with a wavelength of λ/3.  
The wanted output is the first order radiation and therefore it is necessary to block 
radiation with m>1 by additional color filters. This is achieved by the use of two 
different filters placed at the exit of the monochromator and. Long pass order sorting 
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filters provide blocking of light radiation below the filter specific transition or cut-off 
wavelength. Figure 6.12 shows color filters with different transition wavelengths.  
 
 

 

Figure 6.12 Color filters with different transition 
wavelengths [22] 

The useable wavelength range of the xenon source and the monochromator reaches 
from 350nm to 1550nm. Therefore one color filter with a transition wavelength of 
580nm and another filter with a transition wavelength of 850nm are used. 
Corresponding to Figure 6.13 the first filter has to be placed into the output beam for 
wavelengths greater than 650nm while the second filter is used for wavelengths greater 
than 1000nm.  
 

 

Figure 6.13 Output and filter wavelength vs. tuning 
values [24] 
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6.2.5. F-NUMBER FIBER OPTIC ADAPTER 
The f-number adapter optically matches the numerical aperture of the fiber to the f-
number of the monochromator, joins them mechanically and focuses the light from the 
exit slit onto the fiber. The demagnified slit image is concentrated onto the tip of the 
fiber to increase the efficiency of the coupling. 
The adapter also allows three axes of precise fiber translation to place the tip of the fiber 
into the focus of the adapter. This is needed to achieve an optimal coupling ratio 
between the exit slit of the monochromator and the face of the fiber. Figure 6.14 shows 
a picture of the f-number adapter. 
 
 

 

Figure 6.14 f-number fiber optical adapter [22] 

 

6.2.6. MONOCHROMATOR SOFTWARE 
The monochromator CM110 can be connected via a standard RS232 interface to any 
computer. The CM110 can be controlled with easy-to-use software which comes with 
the monochromator written in Visual BasicTM. 
It is also possible to write alternative software for the CM110 or to use the 
monochromator as a part of an automated measurement system. To simplify writing 
programs for the CM110 libraries with standard functions can be downloaded for 
different programming languages as Visual Basic 6.0, Visual C++ 6.0 or LabVIEW. 
Figure 6.15 shows a screenshot of the CM110 Software. 
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Figure 6.15 CM110 control software [25] 

 

6.3. FIBER OPTIC BEAM SPLITTER 
A fiber optic beam splitter is used to split light from one fiber into two or more fibers 
with minimum loss. Most splitters are designed bi-directional enabling the same product 
as splitter or coupler. They are available in single mode or multimode and different 
fibers. The coupling ratio can differ from 50:50 to 1:99. Also different package types 
are possible (Figure 6.16). 
 
 

 

Figure 6.16 Optical beam splitter in tubular package [26] 
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For the measurement setup a 1x2 multimode splitter with a coupling ratio of 50:50 is 
used to split the light of the monochromator output into two parts. The used splitter has 
one entrance fiber and splits into a blue and a white exit fiber. One part of the light is 
used to illuminate the photodiode (DUT) (blue fiber) while the other part is measured 
by an optical power meter (white fiber). The power of the light that illuminates the 
photodiode Pph is the product of the light power measured by the power meter Pm 
multiplied by the coupling ratio α̅. 
 
 α⋅= mph PP  (6.26) 

 
Unfortunately the coupling ratio is not complete stable for the interesting wavelength 
range from 400 to 900nm. Its value alters about 5% over the whole wavelength range 
which is too much for exact power measurements. Therefore the coupling ratio was 
measured for a given input power (nominal monochromator output power) for all 
relevant wavelengths. Since the output power of the monochromator is in the sub µW 
regime it is useful to enhance the measurement resolution by averaging over a couple of 
measurements. Figure 6.17 shows the averaged measurements of the two 50% outputs 
over the full wavelength range.  
 

 

Figure 6.17 Splitter output power, white and blue fiber 

 
The wavelength-dependent coupling ratio α̅ is calculated by: 
 

 
)(
)()(

λ
λλα

white

blue

P
P

=  (6.27) 

 
Figure 6.18 shows α̅(λ) for the used optical beam splitter in the wavelength range from 
400 to 900nm.  
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Figure 6.18 Coupling ratio α̅ vs. wavelength 

It can be seen that the coupling ratio has a divergence of less than 5%. Nevertheless for 
exact measurements this measured coupling ratio was used to correct this systematic 
error. The light power that illuminates the photodiode (DUT) is the product of the light 
power measured with the optical power meter and the wavelength dependent coupling 
ratio α̅(λ) (6.26). 
 

6.4. OPHIR NOVA OPTICAL POWER METER 
The Ophir Nova is a microprocessor-based laser power/energy meter providing a broad 
range of measurements and data handling options. Different measuring heads can be 
attached to the display for miscellaneous measuring tasks. It operates with thermopile, 
pyroelectric and photodiode heads, and uses smart connector technology. This means 
that all configuration and calibration information are stored in a small memory chip 
inside the smart head plug. The correct power and energy values are automatically 
shown when the head is plugged into the display. Figure 6.19 shows the Ophir Nova 
laser power/energy meter with the PD-300 photodiode head which was used to 
characterize the photodiodes. 

6.4.1. PHOTODIODE HEAD PD-300 
The photodiode sensor produces a current proportional to light intensity and has a high 
degree of linearity over a wide range of light power levels - from fractions of nW to 
about three mW. Above that light level the electron density in the photodiode becomes 
too large and its efficiency is reduced causing saturation and a lower reading. Thus the 
head has a built-in filter that reduces the light level on the detector to allow 
measurement up to 30mW without saturation. Additional a removable extra filter is 
available which exceeds the measurement range up to 300mW [27].  
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Figure 6.19 Ophir Nova laser power/energy meter [27] 

The PD-300 head has a dual detector head. The two detectors are identical and 
connected back to back. When background light falls on both detectors inside the head 
the both signals cancel each other. If on the other hand a distinct light beam is focused 
on one detector only, it produces the correct measurement output. Thus the head 
subtracts most of the background light while detecting the desired signal power. Figure 
6.20 shows a schematic drawing of the head. 
 
 

 

Figure 6.20 Schematic drawing of the PD-300 photodiode 
head [27] 

The photodiode head has different sensitivity at different wavelengths. Also the filters 
used in the head have different transmission at different wavelengths. In order to 
compensate for this, each head has a built-in calibration curve with 1nm resolution over 
the whole measurement range (Figure 6.21). 
To measure the light power at a certain wavelength the correct wavelength has to be 
chosen. Then the right correction factor is automatically extracted from the calibration 
curve inside the head and introduced into the measurement.  
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Figure 6.21 Calibration curve PD-300 [28] 

 

6.4.2. SOFTWARE 
The Ophir Nova energy/power meter can be connected to the PC via a standard RS232 
interface. Data can be transferred from the head either real time or offline and it is also 
possible to control the Ophir Nova directly from the computer. This can be done either 
by the StarCom application (Figure 6.22) that comes with the power meter or via 
LabVIEW. To simplify the programming of LabVIEW applications LabVIEW 
subroutines (VIs) are also available.  
 
 

 

Figure 6.22 StarCom application screenshot [29] 
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6.5. KEITHLEY 6517A ELECTROMETER 
The Keithley electrometer is used to measure the photocurrent Iph generated by the color 
sensitive photodiodes. Iph varies with the power and the wavelength of the incident light. 
The incident light power is only in the range of some µW and thus the generated 
photocurrent Iph can be down to the nA-range. Therefore it is necessary to use a high 
sensitive electrometer like the Keithley 6517A (Figure 6.23).  
 
 

 

Figure 6.23 Keithley 6517A electrometer [30] 

The Keithley 6517A can measure currents down to the fA regime and has an internal 
voltage source for resistor measurements. This voltage source is used to reverse-bias the 
photodiode (DUT). The used voltage value is around 2V. To avoid electromagnetic 
disturbances during the measurement tri-axial cabling and shielding of the DUT is 
required. The test circuit is shown in Figure 6.24. 
 
 

 

Figure 6.24 Test circuit 

The electrometer can be connected to a PC via IEEE-488 bus or RS232 interface. The 
communication between the 6517A and the computer is carried out by SCPI orientated 
measurement commands. Drivers and libraries are available for different programming 
languages and LabVIEW. 
For the measurement of the photodiodes the electrometer is controlled via a LabVIEW 
application which is discussed in chapter 7. 
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6.6. WAFER PROBER 
For easy mass testing of the photodiodes a semiautomatic wafer prober was used. The 
whole wafer is mounted on the chuck inside the prober. The diodes are contacted with 
100µm pitch prober needles directly connected to the measurement equipment. The 
light from the monochromator is conducted via an optical fiber with a diameter of 
62.5µm to the photodiode surface. The diode has an active area of about 100x100µm2. 
Therefore it is easy to couple the complete light from the fiber into the semiconductor. 
The wafer can be moved with the chuck in x-, y- and z-direction via joystick or 
software. A high resolution camera is used to display the actual position of the DUT. 
The needles and the fiber can be moved independently into all three directions with 
micrometer probe heads. 
 
 

 

Figure 6.25 Photodiode measurement 

Figure 6.25 shows a semiconductor wafer through the microscope. In the middle a chip 
with five different photodiodes can be seen. The green spots are the etched optical 
windows of the diodes while the white spots are the contact pads of the semiconductor 
chips. One photodiode is connected by the two needles on the right side. The fiber 
which conducts the light to the diode is seen on the left side. The fiber consists of the 
62.5µm core (which carries the light) and the surrounding cladding. The surrounding 
cladding has an outer diameter of 125µm. In the picture the sharp edge of the cladding 
can be seen on top of the 100x100µm photodiode. The fiber (cladding and core) covers 
the complete photodiode. Nevertheless the active area of the fiber is smaller than the 
diode. This way it is ensured that the complete optical power is induced into the active 
photodiode area. This is very important for sensitivity measurements. 
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6.7. COMPLETE SETUP 
 
 

 

Figure 6.26 Complete measurement setup 

Figure 6.26 shows the complete measurement setup. Broadband light produced by the 
xenon light source enters the monochromator through the entrance slit. In the 
monochromator the collimating mirror produces a parallel beam which is dispersed by a 
grating mounted on a turret (Figure 6.10). Dependent on the position of the turret the 
white radiation is diffracted into different angles. Then focusing mirror reforms the 
beam and focuses it on a focal plane. The exit slit isolates the desired spectral band 
(Figure 6.9). 
The narrow band radiation is then split by the optical beam splitter at a ratio of 50:50. 
The power of one part is measured by the optical power meter while the other part 
illuminates the photodiode to be measured. The power of the light that falls on the diode 
is the product of the measured light power Pm and the coupling ratio α (6.26). The 
incident light generates a photocurrent which is measured by the electrometer. 
The responsivity of the photodiode which is wavelength dependent is the quotient of the 
generated photocurrent Iph and the incident light power Popt (4.17). To record the 
responsivity curve of the diode, the responsivity is measured from 400 to 900nm 
wavelength in steps of 10nm and plotted versus the wavelength. To enhance the 
resolution of the measurement typical more than one measurement is conducted for each 
step. The result of the measurement is the average of all identical measurements. With 
these multiple measurements it is also possible to calculate a standard deviation for each 
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measurement to ensure high accuracy. The responsivity curve of a typical silicon PIN 
photodiode is shown in Figure 6.27. 
This process is performed automatically by a LabVIEW application which controls the 
monochromator, the optical power meter and the electrometer. The LabVIEW program 
runs on a standard personal computer and is described in detail in chapter 7. 
 
 

 

Figure 6.27 Typical responsivity curve of a silicon PIN 
photodiode [31] 
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7. LABVIEW APPLICATION 

7.1. LABVIEW OVERVIEW 
LabVIEW (Laboratory Virtual Instrumentation Engineering Workbench) is a platform 
and development environment for the visual programming language G from National 
Instruments. Originally released for the Apple Macintosh in 1986, LabVIEW is 
commonly used for data acquisition, instrument control and industrial automation on a 
variety of platforms including Microsoft Windows, various flavors of UNIX, Linux and 
Mac OS. 
G is a dataflow programming language – program execution is determined by the 
structure of a graphical block diagram. Different function nodes are connected by 
drawing wires. Program variables are propagated via these wires and each node can 
execute as soon as all its input data become available. Therefore the programming 
language is capable of parallel execution. 
LabVIEW allows the creation of user interfaces in the development cycle. Programs and 
subroutines are called virtual instruments (VIs). Each VI consists of three components: 
 

• Block diagram 
• Front panel 
• Connector pane 

 
The block diagram is used for “writing” the program. The front panel is the user 
interface which allows an operator to input data or extract data from a running program. 
It can also serve as a programmatic interface. The connector plane represents the VI as a 
subVI in block diagrams of calling VIs. Figure 7.1 shows an example of a LabVIEW 
front panel and the related block diagram. 
 
 

 

Figure 7.1 LabVIEW front panel and block diagram 
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Thus a virtual instrument can either be run as a program or as a sub node. If the VI is 
run as a program the front panel serves as a user interface. On the other hand, if the VI 
is run as a sub node, the front panel defines the inputs and outputs for the given node 
through the connector pane. This implies that each VI can be easily tested (stand alone) 
before being embedded as a subroutine into a larger program. 
Another benefit of LabVIEW is the extensive support for accessing instrumentation 
hardware. Drivers and abstraction layers for many different types of instruments and 
buses are already included, or available for inclusion. All subroutines are based on a 
graphical interface. The abstraction layers offer standard software interfaces to 
communicate with hardware devices. Therefore even people with limited coding 
experience can write applications. 
LabVIEW includes a compiler that produces native code for a CPU platform. The 
graphical code can be compiled into executable machine code. The LabVIEW syntax is 
strictly enforced during the graphical editing process. Compilation is started when the 
program is run or saved. In the latter case, the executable and the source code are merged 
into a single file. The executable runs with the help of the LabVIEW runtime engine. The 
runtime engine reduces compile time and also provides a consistent interface to various 
operating systems, graphic systems and hardware components. Thus the runtime 
environment makes the code portable across platforms [32]. 
 

7.2. PROGRAM FUNCTIONS 
The LabVIEW program is used to perform automatic photodiode responsivity curve 
measurements. Thus the program controls the monochromator, the optical power meter 
and the electrometer in the measurement setup as seen in Figure 6.26. 
The program splits into three functions: 
 

• Set monochromator to straight-through operation for alignment 
• Responsivity measurement at one distinct wavelength 
• Responsivity curve measurement over a whole wavelength range 

 

7.2.1. STRAIGHT-TROUGH OPERATION (FULL SPECTRUM) 
With the straight-trough operation mode the grating of the monochromator is turned to 
an angle at which the full light spectrum is reflected by the grating (Ebert angle). 
Therefore the full spectrum can pass the monochromator without being bandwidth 
limited. In this state the maximum output power of the monochromator is achieved. 
This is done to achieve a bright, good visible spot at the end of the fiber. Thus this mode 
is used to adjust the end of the fiber onto the active area of the diode to achieve optimal 
coupling with minimum losses. This operation mode is not used for any measurement 
itself.  

7.2.2. SINGLE WAVELENGTH MEASUREMENT (SINGLE STEP) 
In this operation mode the wavelength value can be entered manually. The 
monochromator and the optical power meter are set at the selected wavelength and the 
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optical power and the generated photocurrent is measured. This operation mode is used 
to measure the responsivity at a certain wavelength. 

7.2.3. RESPONSIVITY CURVE MEASUREMENT 
In this operation mode the responsivity curve of a wavelength range that can be entered 
is measured automatically and the measurement data is written into an excel-file for 
further use. Additionally the graph of the responsivity curve is plotted on the screen. 
This mode is the most common mode for measurement tasks. Usually a complete 
responsivity curve is necessary to characterize a color sensitive photodetector.  
 

7.3. PROGRAM MANUAL 
The program needs for its execution either LabVIEW 8.0 or higher, or the according 
runtime version. The program files can be found on the attached CD in the directory 
\Responsivity curve. For faster program execution it is recommended to copy the 
whole directory to the hard disk. To execute the program the CM110 monochromator 
and the optical power meter Ophir Nova have to be connected to standard RS232 
interfaces while the electrometer Keithley 6517A is connected to the GPIB IEEE-488 
interface bus. Then the file responsivity curve.vi has to be started. The front panel 
opens and the application can be started by pressing .  
The front panel (Figure 7.2) consists of six function blocks: 
 

• Device Settings 
• Full Spectrum 
• Single Step 
• Responsivity Curve 
• Status 
• Exit 
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Figure 7.2 Front panel responsivity measurement 

 

7.3.1. DEVICE SETTINGS 
This function block holds the interface settings of the monochromator, the optical power 
meter and the electrometer. The monochromator and the Ophir Nova are connected to 
RS232 serial interfaces while the Keithley 6517A is connected via GPIB IEEE-488. The 
addresses of the RS232 interfaces can be changed by clicking the buttons beside the 
address window while the GPIB address of the Keithley 6517A has to be entered 
manually. 
The device settings section also holds the settings for the internal voltage source of the 
electrometer. The voltage value can be changed by clicking the buttons beside the 
voltage window in the range from -20V to +20V. The voltage source can also be 
disabled when an external source is used to reverse-bias the photodiode. When the 
internal voltage source is not used it can be disconnected from the ampere meter by 
disabling the Measure Connect button (Figure 6.24). The default setting for the 
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Measure Connect is ON while Voltage Source is set to OFF for security reasons. The 

settings are transferred to the electrometer by pressing . 

7.3.2. FULL SPECTRUM 
In this function block the monochromator can be switched to straight-through mode. 
That means that the monochromator does not work as bandpass – the full light spectrum 
that enters the monochromator also leaves the monochromator. This mode is used for 
adjusting the fiber on the photodiode to be measured. The mode is entered when  is 
pressed and left when another wavelength is selected. 

7.3.3. SINGLE STEP 
In this mode a wavelength can be selected manually by using the up- and down-buttons. 
When  is pressed the monochromator and the optical power meter is set to the 
selected wavelength and the responsivity is measured. 

7.3.4. RESPONSIVITY CURVE 
This section is used to measure the responsivity curve of a photodiode for a wavelength 
range. The measurement starts at the wavelength value set at Wavelength Low and ends 
at the value entered at Wavelength High. With Step the wavelength step between two 
measurement points is set. The default values are 400nm for Wavelength Low, 900nm 
for Wavelength High and 10nm for Step. To enhance the accuracy of the measurement 
the measurement can be repeated automatically. Internal Loop sets the number of 
repetitive measurements. The responsivity curve shows the average value of the 
repetitive measurements. In the Excel file additionally the standard deviation for each 
responsivity value can be found to estimate the accuracy of the measurement. The 

responsivity curve measurement is started by pressing  and can be interrupted 

by pressing . When the measurement is started the user is prompted to remove 
possible filters from the filter holder and to enter the name of the output file which is 
written in Excel/CSV format. After this the measurement runs automatically and the 
responsivity curve is plotted in the Responsivity Curve window. At a wavelength of 
650nm the user is prompted to put the first filter (580nm, orange) into the filter holder. 
At 1050nm the user is prompted to change the first filter (580nm, orange) with the 
second filter (890nm, red). When the measurement is finished the complete responsivity 
curve has been plotted on the screen and the output file is written to disk. If the same 
output file is used for multiply measurements the output data is appended at the end of 
the file. An example of the output file is shown in Table 7.1. 
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Table 7.1 Output file example 

 

7.3.5. STATUS 
In the status block the status and the communication between the LabVIEW program 
and the monochromator, the optical power meter and the electrometer can be seen. It 
can be used to detect errors and for debugging. 

7.3.6. EXIT 

The  button stops the execution of the program. 
 

7.4. BLOCK DIAGRAM 
Figure 7.3 shows the complete block diagram of the program. 
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Figure 7.3 LabVIEW application block diagram 
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8. MEASUREMENT RESULTS 
The photodiodes designed in chapter 5.2 and 5.3 are measured with the measurement 
setup described in chapter 6.7. To characterize the diodes their responsivity curve is 
measured in the wavelength range from 400 to 900nm. Thus the diodes were reverse-
biased with 2V and the generated photocurrent is measured in dependence on the 
wavelength of the incident light. As reference a standard PIN photodiode of the same 
size (100x100µm2) which was fabricated on the same semiconductor wafer was used. 
The current measurement circuit is shown in Figure 6.24. All diodes are measured 
directly on the semiconductor wafer (Figure 8.1). 
 
 

 

Figure 8.1 Photodiode measurement (bonded photodiode) 

The wafer is fixed by vacuum on the chuck of the wafer prober. The light that 
illuminates the photodiode is brought to the diode optical window by an optical fiber. 
The electrical contact is established by prober needles (Figure 6.25). To see the fine 
structures of the photodiodes a microscope is used. Figure 8.2 shows a view through the 
microscope. On the chip seven different diodes can be seen. It is also possible to 
recognize the different colors of the different etched optical windows. The different 
colors are due to the different layers inside the optical windows acting as light filters. 
The dot structure of the polysilicon layer 1 that is needed to ensure the n+ implant can 
also be seen on two diodes. In the upper row are also two diodes with three contacts – 
these are the stacked diodes with one shallow and one deep diode to filter the light due 
to the different penetration depths. 
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Figure 8.2 Different diode types 

 

8.1. PIN PHOTODIODE 
The standard PIN photodiode is only measured as a reference for the other diodes. The 
cross section of the PIN diode can be seen in Figure 5.1 and below a photo made 
through the microscope can be seen. 
 
 

 

Figure 8.3 PIN photodiode 

The green square on the left side is the optical window of the diode etched through the 
different oxide layers caused by the different process steps. The optical window is 
surrounded by a metal layer that avoids light penetration into the semiconductor beside 
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the active diode region. On the right side pads used for bonding or contacting the diode 
with prober needles are placed. 
 

 

Figure 8.4 Responsivity curve PIN photodiode 

The responsivity curve of a standard PIN photodiode is shown above. It can be seen that 
the responsivity changes relevant over the wavelength range even without additional 
filters. This graph is used as a reference for the designed color sensitive diodes.  
 

8.2. PIN PHOTODIODE WITHOUT OPTICAL WINDOW 
This diode type uses the oxide layers caused by the production process as optical filters. 
 
 

 

Figure 8.5 PIN Photodiode without optical window 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

400 450 500 550 600 650 700 750 800 850 900

R
es

po
ns

iv
ity

 [A
/W

]

Wavelength [nm]



8. Measurement Results 

66 

Figure 8.5 shows the photodiode without an optical window etched through the oxide 
layers. It can be seen that the active area of the diode has the same color as the region 
around the pads – the whole diode is covered with oxide layers. A cross section of this 
photodiode can be seen in Figure 5.7.  
 

 

Figure 8.6 Responsivity curve without optical window 

The responsivity curve of the diode is shown in Figure 8.6. Light with wavelength in the 
range from 400 to 480nm is absorbed by the oxide layers. For wavelengths greater than 
500nm the responsivity of the photodiode without optical window shows oscillations.  
 

 

Figure 8.7 PIN without optical window / PIN 
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This oscillation is caused by a stack of different oxide layers. The thickness of each 
layer is in the regime of the wavelength. This multiple layers form a structure which can 
be compared with a Fabry-Pérot interferometer. Thus some wavelengths are reflected 
and other wavelengths are passed through resulting in the responsivity curve oscillation. 
The graph in Figure 8.7 shows the ratio of the PIN photodiode without optical window 
to a standard PIN photodiode. The comparison of the two responsivity curves shows 
even better responsivity for the diode without optical window at 525nm. Nevertheless is 
the performance of this diode extremely dependent on process variations (oxide 
thickness variations) and therefore it is questionable if a reliable application is possible. 
For color sensitive photodetectors this diode does not seem to be suitable. Nevertheless 
it helps to understand the influence of the oxide stack for other color sensitive diodes. 
 

8.3. PHOTODIODE WITH POLYSILICON LAYER 1 
This photodiode uses an additional polysilicon layer 1 dot structure as a color filter 
(Figure 8.8). The cross section of this diode is seen in Figure 5.8. 
 
 
 

 

Figure 8.8 PIN photodiode with polysilicon layer 1 

Figure 8.9 shows the responsivity curve of the PIN diode with additional polysilicon 
layer 1 in comparison with the standard PIN diode. A significant difference can only be 
seen for wavelengths below 500nm. Thus a combination of this diode and the standard 
PIN diode could be used to distinguish between light with wavelengths below and 
above 500nm.  
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Figure 8.9 Responsivity curve polysilicon layer 1 

The ratio between the two diode types is shown in Figure 8.10. 
 
 

 

Figure 8.10 PIN with polysilicon layer 1 / PIN 
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8.4. PHOTODIODE WITH POLYSILICON LAYER 2 
A photo of the diode with only additional polysilicon layer 2 is shown below and in 
Figure 5.10 the cross section can be found. 
 
 
 

 

Figure 8.11 PIN photodiode with polysilicon layer 2 

The comparison between the measured responsivity curve and the reference curve of the 
standard PIN photodiode can be found in Figure 8.12. 
 
 

 

Figure 8.12 Responsivity curve polysilicon layer 2 
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Figure 8.13 PIN with polysilicon layer 2 / PIN 

The photodiode with the additional polysilicon layer 2 has a very poor responsivity 
compared with standard PIN diode. Additional the responsivity oscillates very strong 
over the whole wavelength range. Thus this diode type is not well suitable for color-
detection. It can be assumed that the oscillation is caused by the multi layer stack and 
that the exact oscillations are very dependent on process parameters (variations). 
 

8.5. PHOTODIODE WITH POLY 1 AND POLY 2 LAYER 
In this photodiode the color filtering effects of the two previous diodes are combined – a 
polysilicon layer 2 is placed over the polysilicon 1 dot structure as described in chapter 
8.3. The view through the microscope on the diode looks similar to the diode with 
additional polysilicon layer 1 (Figure 8.8). 
 

 

 

Figure 8.14 PIN photodiode with poly 1 and poly 2 layer 
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The measurement result of this combined diode is shown below. 
 

 

Figure 8.15 Responsivity curve poly 1 and poly 2 layer 

The responsivity is very poor for light with wavelengths shorter than 500nm. Thus this 
diode can be used for detection of light in the green-blue regime. The ratio between this 
diode and the reference diode can be found in Figure 8.16.  
 

 

Figure 8.16 PIN with poly 1 and poly 2 layer / PIN 
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8.6. MIXED PHOTODIODE 
The picture below shows the mixed photodiode which consists of many small 
photodiodes of two different types. On the same chip are also other diodes and reference 
structures realized. All cathodes of the same diode type are connected together. Both 
diode types share the same common anode. Thus three connection pads are required for 
the mixed type diode. The different cathode currents for different wavelengths of the 
incident light can be used to detect the light color. 
 
 

 

Figure 8.17 Comparison of different diode types 

Figure 8.18 shows the responsivity curves of a mixed diode that consists of standard 
PIN diodes and PIN diodes with an additional polysilicon layer 2. Unfortunately the 
mixed diode does not work as expected. The two different diode types have nearly the 
same responsivity curve and additional the responsivity of the two diodes is very poor 
compared with the reference diode. 
 

 

Figure 8.18 Responsivity curves mixed diodes 
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Due the small difference between the responsivity curves only the ratio of the 
responsivity of the two different diodes shows color sensitivity over the wavelength 
range (Figure 8.19). 
 

 

Figure 8.19 Ratio mixed diodes 

 

8.7. PENETRATION DEPTH EFFECT DIODE 
 
The penetration depth diode uses a completely different mechanism to detect the 
wavelength of the incident light than the other diodes mentioned above. Thus they have 
a completely different design as showed in Figure 5.14. 
Two different anti serial diodes are manufactured in a vertical stack. Since the readout 
electrode for both diodes is the anode rather than the common cathode the voltage of the 
reverse-bias voltage source has to be reversed for measurements of these both diodes. 
The measurement results are shown in Figure 8.20. 
It can be seen that the shallow diode has nearly the same responsivity curve as the 
reference diode below 500nm. From 500 to 650nm the responsivity is constant and 
decreases for longer wavelength. 
The responsivity of the deep diode is nearly zero for wavelengths below 450nm and 
increases dramatically for larger wavelengths. For wavelengths longer than 750nm it 
has nearly the same responsivity as the reference diode. 
Thus very good color sensitivity is achieved with this diode. The comparison of the 
measurements results with the Medici simulation (Figure 5.15) additionally shows very 
good correlation. 
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Figure 8.20 Responsivity curves deep and shallow diode 

The difference between the shallow and the deep diode is plotted in Figure 8.21. The 
dependence of the wavelength of the incident light can be seen clearly.  
 

 

Figure 8.21 Shallow diode minus deep diode 
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9. CONCLUSION AND OUTLOOK 
The presented integrated silicon photodiodes were designed with the aim to detect color 
without the use of additional production steps or auxiliary filters. The color sensitive 
photodiodes were produced in a standard X-FAB 0.6µm BiCMOS process without 
modifications. The color sensitivity is achieved either by the use of additional layers of 
the X-FAB 0.6µm BiCMOS process or by penetration depth properties of the 
semiconductor. 
Two effects were used to realize the color sensitivity: 
 

• The optical filtering properties of different layers (mainly polysilicon layers) of 
the X-FAB 0.6µm process 

• The different penetration depths of light for different wavelengths into the 
semiconductor 

 
Multiple different diode types were taken into account to utilize the mentioned effects. 
Additionally semiconductor simulation was used to assist the design process. 
Afterwards the most prospecting diode type layouts were realized in the Cadence design 
framework.  
The diodes were fabricated in the X-FAB 0.6µm BiCMOS process. During the 
fabrication time a complete measurement setup for spectral measurements on 
semiconductor devices was developed. The measurement setup consists of a white light 
source, a monochromator and assisting high sensitivity current and optical power 
measurement devices. The complete measurement setup is controlled from a single PC 
application and allows fast and flexible characterization of semiconductor devices over 
the whole visible spectrum. 
To evaluate the different fabricated photodiodes the responsivity curves in the 
wavelength range from 400 to 900nm were measured and compared to a standard PIN 
photodiode. 
The results show that both effects can be used to design integrated photodiodes in a 
standard process with distinct color sensitivity. The use of external filters like e.g. Bayer 
filters is not necessary. Thus the performance of the different effects is remarkable.  
The different layers of the BiCMOS process that might be used to filter light are 
effective only in the blue-green regime. Filtering in the red or NIR regime is not 
possible by using additional layers of the standard process. Additionally two other 
problems occur: The thickness of the used layers and the additionally produced 
unmaskable intermediate oxide layers lead to a major reduction of the photodiodes 
responsivity. Secondly the imprecise intermediate oxide layer thickness in the standard 
processes might lead to an unwanted performance variation even at minor process 
variations. For multiple layer stacks also heavy responsivity oscillations due to the thin 
layer structure can be observed. 
Photodetectors using the penetration depth effect have a lot better performance. The 
shallow diode shows a very good responsivity for the blue-green regime and only very 
small responsivity for the red and NIR colors whereas the deep diode has nearly no 
responsivity for the blue-green regime and a very high responsivity for the red and NIR 
regime. Since the complete design resides inside the semiconductor, the standard optical 
window etch process can be implemented with these diodes. Therefore these diodes can 
reach the optimal responsivity in the same range of optimized standard PIN diodes. 
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Additionally positive is the effect that the color sensitivity is only related to the well 
defined penetration depth effect and is not disturbed by process variations. The realized 
photodiode using the penetration depth effect shows very good color sensitivity and 
should be considered the first choice when designing integrated color detectors without 
any additional filter layers. 
Future developments might realize diodes using more than the two already realized 
vertical regions. In the standard BiCMOS process also a diode consisting of three 
vertical stacked pn junctions might be realized. Since correlation of the simulation 
results and the measurement results for the two layers diode was very good it can be 
expected that even a three layer diode can be designed with simulation assistance. 
Future work in multilayer diodes seems to be prosperous.  
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