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1. Introduction    

When the attenuation lengths of beams in silicon are well below a micron, a high 
responsivity of silicon photodiodes can only be reached if the photo-sensitive region for 
detection is close to the surface. The direct way to achieve this is to create ultrashallow, 
damage-free junctions. This has in fact been one of the challenges that the silicon-based-
technology CMOS has been struggling with for the last two decades: such junction depths 
are specified in the International Technology Roadmap for Semiconductors (ITRS) in order 
to continue the aggressive downscaling of MOS devices as dictated by Moore’s law (ITRS 
2009). However, although technologies have been developed for junctions as shallow as 
200 nm and below, the resulting diodes are mainly far from being damage-free (Borland et 
al., 2010). Schottky-type junctions represent the limit in shallowness, but are mainly 
unattractive due to a high reverse leakage current, surface recombination, reflection and 
absorption in the front metal, and low surface electric field. Therefore, silicon photodiode 
research has directed efforts towards increasing the sensitivity near the silicon surface by 
creating damage-free doped regions with an electric field, also outside the depletion region, 
that transports the generated carriers to the terminals. An alternative method has also been 
demonstrated where a Si-SiO2 interface is used to create an inversion layer with a 
conductive channel at the interface for transporting the generated carriers. Photodiodes that 
have found application for the detection of low-penetration beams have been produced by 
such methods, but they have issues such as poor process control, low yield, and poor 
radiation hardness (Funsten et al., 2004; Silver et al., 2006; Solt et al., 1996; Tindall et al., 
2008).  
This chapter reviews a boron-layer silicon photodiode technology that can be used to create 
an extremely shallow p+n junction, and therefore no “tricks” are needed to place the photo-
sensitive surface within nanometers of the Si surface. An amorphous boron (α-B) layer, 
which can be down to about 1 nm thick, is formed on the surface of the silicon by chemical 
vapor deposition (CVD) of pure boron. From this layer an extremely shallow doping of the 
Si surface is effectuated, forming a p+n junction that can be readily made in the ~ 1 – 10 nm 
junction-depth range. This is achieved by applying low processing temperatures from 500  
to 700 °C. The properties of the α-B layer, both chemically and electrically, are responsible 
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for achieving exceptional photodiode performance that surpasses that of other existing 
technologies on points such as internal/external quantum efficiency, dark current, 
uniformity and degradation of responsivity. At the same time the B-layer process is fully 
compatible with Si front-end technology, and these photodiodes readily lend themselves to 
detector integration schemes that allow low parasitic resistance and capacitance as well as 
on-chip integration with other electronic elements.  
These properties have lead to a fast qualification for production of several types of B-layer 
photodiode detectors for industrial applications. Three examples of such applications are 
described in Section 4:  
- vacuum ultraviolet (VUV) detectors (Shi et al., 2010) for which the attenuation length of 

the light in Si is as low as 5 nm. This includes the deep ultraviolet (DUV) wavelength of 
193 nm used in advanced lithography systems (Sarubbi et al., 2008a); 

- extreme ultraviolet (EUV) detectors (Sarubbi et al., 2008b) for detecting light at a 
wavelength of 13.5 nm. This is essentially soft X-rays that have an attenuation length of 
700 nm in Si. This wavelength has been chosen for use in future advanced lithography 
tools; 

- low-energy electrons that for energies around 500 eV have ranges in Si below ~ 10 nm 
(Šakić et al., 2010b). Particularly the application in Scanning Electron Microscopes 
(SEMs) is explored here. 

2. Nanometer-deep junction formation from α-boron layers 

The deposition of α-B layers is performed in a commercially available epitaxial CVD reactor 
using diborane (B2H6) and hydrogen (H2) as the gas source and carrier gas, respectively. The 
details of this process, that can be performed either at atmospheric or reduced pressures are 
given in (Sarubbi et al., 2010a) for deposition temperatures ranging from 500 to 700 ºC and 
various doping gas conditions. The formation of the boron layer is slower the lower the 
temperature and the diborane partial pressure, but at high gas-flow rates, which provide 
good conditions for segregation of boron atoms on the Si surface, it is essentially controlled 
by the exposure time. An example is shown in Fig. 1 for constant temperature, pressure and 
B2H6 flow-rate, where the deposition rate is constant for depositions longer than ~ 1 min. 
An example of a B-layer formed after 10 min B2H6 exposure at atmospheric pressure for a 
temperature of 700 ºC is seen in the high-resolution transmission electron microscopy 
(HRTEM) image of Fig. 2, where the segregation of B atoms in an amorphous layer and the 
reaction with silicon atoms to form a boron-silicide phase at the interface can be discerned. 
The α-B layer is a conductive semi-metal found to have a high resistivity of ~ 104 Ωcm.  
To maintain an ultrashallow junction depth that is only determined by thermal diffusion of 
the boron into the Si at the given processing temperature, it is important that the doping 
process is free of defects that can cause boron-enhanced or transient-enhanced diffusion 
(TED) effects. This was evaluated by examining the out-diffusion of epitaxially grown B-
doped Si markers after long B-depositions at 700 ºC (Sarubbi et al., 2010b). Layers containing 
more than 1017 cm-2 boron atoms were deposited, giving about 1 nm of boron silicidation at 
the interface, but the results gave no indication of TED effects. This result substantiates the 
conclusion, also drawn from the excellent properties found for B-layer photodiodes, that an 
effectively damage-free junction is formed.  
The c-Si surface is doped up to the solid solubility solely by thermal diffusion. For 500 °C 
depositions this gives junction depths of ~ 1 nm, and at 700 °C junctions of less than 10 nm 
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Fig. 1. Thickness of boron layers measured by ellipsometry as a function of time for 
depositions at a pressure of 760 Torr, a temperature of 700 °C, and a diborane flow-rate of 
490 sccm (Šakić et al.,  2010a). 

 
Fig. 2. (a) High-resolution TEM image and (b) SIMS profile (O2+ primary ion beam at 1 keV) 
of an as-deposited B-layer formed on a (100) Si surface at 700 ºC after 10 min B2H6 exposure 
(Sarubbi et al., 2010b).  

deep are readily formed. In the latter case the doping will be as high as ~ 2 × 1019 cm-3 (Vick 
& White, 1969). For further doping by post-deposition thermal drive-in of the boron, the 
formation of the α-B layer has two distinct advantages: it acts as an abundant source of 
dopants and also prevents boron desorption from the Si surface. This is in contrast to the 
results of other works that also aimed to use depositions from diborane and subsequent 
thermal annealing to obtain higher dopant activation and deeper junction depths (Inada et 
al., 1991), (Kim et al., 2000). The difference lies in the fact that in these cases the diborane 
exposure conditions were designed to avoid or minimize the formation of a distinct layer of 
boron. To avoid B-desorption during drive-in, an oxide capping layer was proposed, but 
still the available B will be limited under the given deposition conditions. 
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To create a p+n diode the B-deposition can be performed with high selectivity in a silicon 
dioxide window on an n-type c-Si surface. This requires that the Si surface is native-oxide 
free, which can be achieved by HF dip-etching, possibly followed by hydrogen pre-baking 
such as those seen in Fig. 3. Nevertheless, the α-B layer is continuous and uniform across the 
Si, and the deposited thickness is independent of the window size. This isotropic boron 
coverage, selectively on all exposed Si surfaces, considerably enhances the integration 
potentials of this process among other things for fabricating high-quality diodes. 
 

 
Fig. 3. TEM images of contact windows treated with a 2.5 min B-deposition at 700 ºC. The 
SiO2 etch geometry has been induced by a low-pressure in-situ thermal cleaning at 900 ºC 
before diborane exposure (Sarubbi et al., 2010b).  

3. Electrical characteristics of nanometer-deep junctions 

Nanometer deep p-n junctions such as the B-layer junctions may exhibit electrical current-
voltage characteristics that deviate considerably from those of conventional deep junctions. 
For the first, the metal acts as a sink for minority carrier injection that hence increases as the 
junction becomes more and more shallow. Thus the dark current is increased. Moreover, the 
doping of the junction can become so low that it is completely depleted. This leads to punch-
through phenomena that also will increase the current through the diode, and again also 
increase the dark current, often by decades.  

3.1 Theoretical considerations 

Consider the case of an n-Si substrate that is exposed to a process for p-doping the surface 
and that this, upon metallization, may result in anything between a deep metal/p-Si/n-Si 
(m-p-n) junction and a metal/n-Si (m-n) Schottky diode where effectively no doping is 
realized. The electron and hole currents in the different situations that can occur in the 
transition from a deep to an ultrashallow through to a Schottky junction are illustrated by 
the device simulations shown in Fig. 4. For a detailed analysis of these I-V characteristics, 
including an analytical model that unifies the standard Schottky and p-n diode 
formulations, the reader is referred to (Popadić et al., 2009). Three main types of diode 
behavior can be identified: 
(a) an m-n Schottky diode: the diode current is dominated by the injection of the majority 
carrier (electrons) from the semiconductor into the metal. At the same time, a very small 
current of holes is injected from the metal into the semiconductor.  
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(b) an m-p-n diode fully-depleted by a high Schottky barrier height (SBH): an ultrashallow 
heavily-doped p-type region is created at the surface of the n-type substrate, and the contact 
to this region is a Schottky contact. Under reverse and small forward bias, the p-region is 
fully depleted by the metal-semiconductor depletion region and the diode shows the 
electrical characteristics of an n-Schottky. The current is dominated by electron injection into 
the metal, but the effective SBH is so high that the total current is much lower than the pure 
Schottky case and also the hole-current is much higher. At a high enough forward-bias 
voltage, the p-region can become non-depleted, effectively reducing the electron current to 
the point where the device behaves as an m-p-n junction diode with the hole-current level 
approaching that of the electron current. It should be noted that the transition from 
Schottky-like to pn-junction-like behavior can of course also occur in the reverse voltage 
region depending on the doping levels. 
(c) a non-depleted m-p-n diode: the diode current is dominated by the injection of holes 
from the p+ region into the n-substrate and the hole-current is much higher than in cases (a) 
and (b). For shallow junctions the metal forms a sink for the minority carrier electron 
injection, and this will give an increase of the otherwise very low electron-current for 
junction depths below ~ 20 nm. In the example treated in Fig. 4c the electron current 
becomes about as high as the hole current for a junction depth d = 10 nm. As the junction 
depth goes to d = 0, the electron current will increase to levels far above the hole current to 
finally reach Schottky current levels as high as that seen in Fig. 4a. 

3.2 Electrical properties of α-B layer diodes 

The different diode I-V characteristics described in the previous section have all been 
observed in the case of B-layer diodes. An example is given in Fig. 5 where the results are 
displayed for different B-layer deposition times and temperature followed by metal 
contacting with Al. Even a very short 1 s deposition lowers the current level decades below 
the pure Al Schottky level, and already for a couple-of-minutes-long deposition the 
saturation current approaches a value that is typical for conventional deep junctions.  If the 
boron semi-metal layer was functioning as a sink for the electron injection (Sarubbi et al., 
2010b, 2010c), this would not be expected for these junction depths of well below 10 nm. In 
fact, it has been established experimentally that the α-B layer attenuates rather than sinks 
the electron injection, which also is evidence that it is not pure metallic in this form. This 
attenuation effect has the attractive consequence that these extremely shallow junctions can 
be produced with much lower dark currents than would otherwise be possible. 
A drawback of the non-metallic nature of the α-B layer is the fact that it has a high resistivity 
of ~ 104 Ωcm. This results in a high series resistance to the contact metal even for nm thin 
layers, which is clearly seen in Fig. 5 as the large attenuation of the I-V curves at high 
forward biasing for the longer deposition times. A suitable compromise between series 
resistance and saturation current level is often found for deposition times of about 1 min 
where the α-B layer thickness is below the tunneling thickness of ~ 3 nm. 

4. Integration of B-layer photodiodes in detectors 

The B-layer diode technology is fully compatible with silicon front-end processing, a fact 
that has been of crucial importance for the realization of the three detector types developed 
for industrial applications and discussed in the following. Not only have special detector  
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Fig. 4. Simulated output characteristics of (a) an m-n Schottky diode with SBH=0.85 V, (b) a 
fully-depleted m-p-n diode with SBH=0.75 V and junction depth d=20 nm, and (c) ohmic-
contacted m-p-n diodes, both with NA=1×1020 cm-3. The substrate doping is in all cases 
ND=1×1015 cm-3.  
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Fig. 5. Diode I-V characteristics for various B-layer deposition times at either (a) 500 ºC or 
(b) 700 ºC. The anode area is 2 × 1 μm2. For comparison, the I-V curve of a Schottky diode is 
also included (Sarubbi et al., 2010a). 

geometries been realized, but the photodiodes were also integrated with other on-chip 
active and passive components. For example, bipolar transistors were integrated in EUV 
detectors as on-chip temperature sensors. The doping regions of such extra devices can often 
be processed entirely before the anode B-layer deposition since it can be performed below 
700 °C, a temperature that will not affect the doping profile of regions already activated at 
higher temperatures. Likewise, the necessary p-type guard-rings and n-type channel stops 
that may be essential for keeping the dark current low can be created by implanting and 
annealing before the anode area of the photodiode is opened for B-deposition. Attention 
should, however, be paid to the possible autodoping from these pre-fabricated doping 
regions onto the open anode silicon surface. The position and doping level of extra doping 
regions must be chosen so that any significant autodoping is avoided if the anode p+ region 
is to remain reliably ultrashallow. 
Implementing a p-guard-ring can be particularly important for diodes where the n-doping 
near the metallurgic junction is high, i.e., more than about 1016 cm-3, because the very 
shallow B-layer junctions have a high curvature at the perimeter giving a correspondingly 
high electric field that can be the cause of early breakdown and high dark current (Sarrubi, 
2010c). Moreover, for such extremely shallow junctions the exact topography of the oxide at 
the edge of the B-layer deposition window, examples of which are shown in Fig. 3, can have 
an influence on the resulting I-V characteristics. If the post-deposition processing 
deteriorates the integrity of the oxide at the diode edge, the distance between the n-Si and 
the contacting metal may become so small that Schottky-like regions with high currents and 
even shorts to the metal can occur. A p-guard-ring will protect against such effects. An 
example of the fabrication of p-type guard-rings and n-type channel stops is given in Section 
4.3, Fig. 14, where the fabrication of detectors for SEM systems is treated.    
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The processing after the B-layer deposition is highly facilitated by a number of attractive 
properties of the layer itself. Pure boron has a very high melt temperature, above 2000 °C, 

and it is chemically inert with respect to many of the back-end processing materials and 
etchants applied in silicon IC-technology. In Fig. 6 a typical processing scheme is depicted 
for the processing of the photodiode contact as well as any extra layer needed to cover the 
front-entrance window, for example for protection, absorption or filtering purposes. 
 

 
Fig. 6. Schematic of an example of a process flow for anode contact formation when the 
metal (Al) is deposited directly after the B-layer deposition and removed locally on part of 
the B-layer region: (a) pure Al deposition, (b) anode contact definition, (c) dry etching to 
remove most of the Al on the region to be opened, (d) dilute HF etching of the remaining Al 
using the α-B layer as etch-stop, and (e) deposition of an extra front-entrance window layer 
(Šakić et al., 2010b). 

The high sheet resistance of the B-layer can place a limitation on the series resistance of the 
photodiode when the as-deposited layer forms the front-entrance window. The series 
resistance can be significantly lowered by depositing Al directly on the diode surface and 
patterning it in a grid. This is possible because the Al makes good ohmic contact to the α-B 
layer and it can be selectively removed by etching in HF. This process is in general applied 
to contact the p+ B-doped silicon through the α-B layer, instead of for example contacting 
through windows in an oxide isolation layer. Due to the high resistivity of the α-B layer the 
vertical resistance through the layer must also be considered particularly if the contact 
surface area is small. 
The response time of a detector will for millimeter large photodiodes often be dominated by 
the time constant of the diode RC equivalent circuit formed by the junction capacitance Cj 
and the series resistance Rs. For the nm-deep B-layer diodes without extra surface layers, the 
sheet resistance of the p-doped Si can be ~ 10 kΩ/sq or more and this will give the main 
contribution to the total RS if photo-generated carriers are collected at a peripheral electrode 
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after flowing through the thin p-doped region (Xia et al., 2008). However, if the application 
allows it, the conductivity of the active surface layer can be significantly increased by 
extending the B-deposition cycle in-situ with extra depositions, such as p-doped Si, and 
extra thermal drive-in steps, as described in (Sarubbi et al., 2008b). In addition, conductive 
films can also be deposited directly onto the entire active area. Such coating layers should be 
properly optimized for the specific application, since optical absorption will occur at the 
front-entrance window.  
The photodiodes with B-layers deposited at 500 °C offer more flexibility with respect to their 
integration than the 700 °C diodes. In principle, they could also be fabricated in a back-end 
processing module, for example on fully-processed CMOS wafers since these will normally 
be able to tolerate a temperature of 500 °C. However, although the electrical characteristics 
of the 500 °C diodes have been found to be just as ideal as the 700 °C ones, the reliability of 
the process is clearly increased by thermally driving the B-dopants further into the Si, thus 
moving the metallurgic junction away from the surface. At 500 °C the surface doping is 
extremely limited and a more thorough optical characterization needs to be made to 
determine whether this has implications for the degradation and radiation hardness of the 
photodiodes in the different detector applications. All optical characterization reported in 
the following was performed on diodes fabricated with 700 °C B-layer depositions. 

4.1 VUV/DUV radiation detectors 

For the VUV spectral range from ~ 100 nm to ~ 200 nm the penetration depth in silicon is 
extremely small as illustrated in Fig. 7. The name "Vacuum UV" refers to the fact that the 
light is strongly absorbed by air, and the detectors are mainly operated in vacuum. 
Particularly high-performance deep-ultra-violet (DUV) photodiodes for 193 nm radiation 
detection are in high demand due to their application in advanced optical lithography 
equipment. At this wavelength the penetration depth of the incident radiation in Si is less 
than 6 nm. However, several materials are transparent at 193 nm, and for example silicon 
oxides can be used as protection layers that, for the right thickness, may also reduce the 
reflectivity of the surface thus increasing the responsivity. 
  

 
Fig. 7. ‘1/e’ absorption depth in Si as a function of incident radiation wavelength (Palik, 
1985; Henke data). 
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Fig. 8. Responsivity of a B-layer photodiode in the VUV spectral range, compared to three 
commercially available photodetectors (Shi et al., 2010). 

Optical tests were carried out at the synchrotron radiation laboratory of PTB (Physikalisch-
Technische Bundesanstalt) in Berlin, Germany (Gottwald et al., 2006, 2010), (Richter et al., 
2002). Fig. 8 shows the superior responsivity of the B-layer photodiode compared with other 
state-of-the-art photodiodes in the VUV spectral range. This excellent optical performance 
confirms that the B-deposition process can provide ultrashallow and high-quality p+-doped 
active surface layers, which can effectively enhance the quantum efficiency by reducing the 
VUV photon absorption in the front window. The dark current has also been found to be 
low: on circular photodiodes with an active area of 10.75 mm2 (a diameter of 3.7 mm) and a 
reverse biasing of 20 V, the  current was only ~ 30 pA as compared to ~ 730 pA for the 
available commercial diodes of the same area. 
The robustness of these diodes was extensively investigated by applying high-dose and/or 
extended exposures, and it could be concluded that there was no significant responsivity 
degradation. In all cases, any observed degradation could be related to irradiation-induced 
charging phenomena. To minimize such effects, the active surface should be made as 
conductive as possible. This is achieved on diodes with α-B as the top surface layer by 
avoiding oxidizing post-treatments that create thick native/chemical oxides. In air, the as-
deposited α-B layer does not form a native oxide of any significant thickness. To reduce the 
effective sheet resistance of the anode surface, the aluminum anode contact-metal can be 
extended to form a grid over the diode surface as, for example, illustrated in Fig. 9. The 
trade-off is that this additional Al-grid will reduce the effective light-sensitive surface area. 
In Fig. 10, an example is given of the spectral responsivity during long exposures, in this 
case for the Al-grid diode monitored for one hour during VUV irradiation at a wavelength 
of 70 nm. As indicated, the decrease in responsivity stays within 1%. All in all, for VUV 
radiation detection the B-layer photodiode technology has demonstrated excellent electrical 
and optical performance in terms of extremely low dark current, outstanding responsivity, 
and high stability to extended exposures. 
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Fig. 9. Photograph of one corner of a photodiode with an Al-grid processed directly on the 
B-layer anode surface. 
 

 
Fig. 10. Degradation of the responsivity of a photodiode with a ~ 3-nm-thick α-B layer and 
an Al-grid under irradiation at a wavelength of 70 nm as a function of the irradiation time 
(Shi et al., 2010).  

4.2 EUV radiation detectors 

The extreme-ultra-violet (EUV) wavelength of 13.5 nm has been selected by ASML 
Lithography for future EUV lithography equipment, which has been under serious 
development since 2006 and is forecast to be in high-volume production by 2015 (Benschop 
et al., 2008). This has spurred interest in photodiode detectors for this wavelength. At the 
moment the B-layer photodiodes are the only devices qualified for application in the EUV 
wafersteppers for monitoring the light entering the alignment system from the source (the 
energy sensor) and for effectuating the actual wafer alignment to the mask (with the 
transmission imaging sensor and the spot-slit sensor). The penetration depth in Si of this 
almost soft X-ray light at 13.5 nm is large compared to that of the DUV light, about 700 nm, 
but the degradation issues are much more severe. Detectors have been fabricated with a 
number of other on-chip components such as bipolar transistor temperature sensors and 
optical filter/absorber layers. The latter can be deposited directly on the B-layer surface. For 
example, zirconium is an attractive filter layer for higher wavelength light (Powell et al., 
2010). Moreover, it has the advantage of being metallic with good electrical conductivity, so 
a surface layer of zirconium can also significantly lower the diode series resistance. 
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As done for the VUV diodes, the EUV optical characterization was performed at PTB (Klein et 
al., 2006). A measurement example is shown in Fig. 11 for two B-layer diodes with different 
surface layers. The one with a ~ 3-nm-thick as-deposited α-B layer as front-entrance window 
has a responsivity of 0.266 A/W, which is practically that of an ideal lossless system estimated 
to be 0.273 A/W (Scholze et al., 1998, 2000). This is higher than what was obtained with any of 
the commercial photodiodes that also were characterized at 13.5 nm.  
 

 
Fig. 11. Measured spectral responsivity (symbols) of B-layer photodiodes with a surface 
layer of ~ 3 nm thick α-B, with and without an extra in-situ 850 ºC thermal anneal and 50 nm 
epitaxially deposited B-doped Si, compared to a commercial state-of-the-art n+p photodiode 
(Sarubbi et al., 2008b). 

The degradation of the photodiodes was characterized by prolonged high-dose exposure 
(0.22 MJ/cm2 during 24.5 h) to 13.5 nm radiation, and no change in the responsivity due to 
degradation of the detector itself was observed. As for the corresponding radiation-induced 
degradation of the electrical behavior, an increase of the photodiode dark current level from 
below a nA to tens of nA at a reverse bias of 10 V was observed. This effect is common in 
silicon-based photodiodes, but here the dark current degradation was found to be annealed 
out by thermal treatment at relatively low temperatures, such as ~ 200 ºC, indicating that 
this is an oxide-related degradation due to charging of the oxide around the diode 
perimeter. Since for the operating conditions of detectors in future applications the biasing is 
being scaled down to the mV range, the sensitivity to radiation-induced dark current will be 
quite low. As for the VUV case, it can be concluded that for EUV applications the B-layer 
photodiodes exhibit superior responsivity and negligible degradation under high-power 
exposure. The B-layer photodiodes have superior responsivity and negligible degradation 
under high-power exposure to EUV light.  

4.3 Low-energy electron detectors 

In contrast to photodiodes for DUV/EUV detectors, where protective entrance window 
layers can be found that are fairly transparent to the light, low-energy electron detectors 
require an entrance window that is essentially free of non-sensitive layers. This is obvious 
from the projected ranges in matter that have been compiled and are summarized in Fig. 12. 
At an electron energy of 10 keV the penetration depth is around 1 µm, a depth that is 
manageable for many conventional silicon photodiodes, but already at 2 keV it drops to 
about 200 nm and decreases rapidly to the 10 – 40 nm range at 1 keV. At 500 eV it is already 
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below ~ 10 nm, so to have any form of practical responsivity this dictates that all non-
sensitive surface layers must be nm-thin. The fact that the B-layer diodes can meet this 
requirement and are easily integrated in silicon has led to a very fast commercialization of 
the detectors in scanning electron microscopes.  
 

 
Fig. 12. Electron range R in Si as a function of electron energy Eb (Kurniawan & Ong, 2007). 

Low-voltage SEM imaging is widely used for nanometer-scale inspection, among other 
things in the semiconductor industry. It provides atomic-scale resolution of the specimen 
surface due to the short range of electrons in matter. Lowering the electron energy gives 
more surface information and better resolution. Moreover, charging effects become less 
prominent than for higher voltages where they readily obscure the imaging of the 
non-conducting materials. The B-layer detectors that have been fabricated for low-energy 
electron detection are a good example of the versatility of the overall processing capabilities 
in Si technology. Exceptional imaging capabilities were obtained by the implementation of 
the following unique (combinations of) processing techniques: 
- the B-layer photodiodes themselves, where a ~ 2 nm thin amorphous boron (α-B) layer 

forms the front-entrance window. The low atomic number of the B is also instrumental 
in minimizing scattering of the incoming electrons, thus allowing a longer projected 
range in the detector; 

- compact segmented anode layouts, where the photosensitive surface is maximized and 
low diode capacitance is combined with lateral junction isolation of the segments. This 
is achieved by epitaxially growing very lightly-doped, tens-of-microns thick n-layers on 
low-ohmic n-type substrates; 

- low photodiode series resistance combined with a large sensitive front-window area by 
patterning a fine aluminum grid directly on the α-B surface. The low series resistance 
and capacitance values combine to give low transit times and thus high scanning 
speeds; 

- through-wafer apertures etched close to the anode regions for detectors designed to 
monitor back-scattered electrons (BSE) in SEM systems such as the one shown in Fig. 
13. This is a back-end processing step that would damage the delicate α-B surface layer 
if it was not protected during the through-wafer hole etching. Therefore, a processing 
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scheme was developed whereby the final removal of all Al down to the photo-sensitive 
regions is the very last step of the wafer-scale processing.  

In Fig. 14 an illustration is given of the final detector structure with the segmented 
photodiode layout. A variety of detectors have been fabricated in this way and tested for 
specific functions in several different SEM systems. An example of the resulting high-
resolution images that can be obtained is shown in Fig. 15. By using different read-out 
sequences of segments in this annular BSE detector an optimal contrast can be attained.  
 

 
 

Fig. 13. Conceptual drawing of a SEM system showing the location of an annular BSE 
detector. 
 

 
 

Fig. 14. Schematic cross-section of two neighboring segments of a B-layer detector with a 
through-wafer hole as aperture for the electron beam. The depletion of the typically 40 µm 
deep n-- epitaxial layer is indicated. Segments are isolated by the n+-channel-stop and the 
undepleted n---layer (Šakić et al., 2010c). 
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Fig. 15. Imaging of an uncoated pollen sample at 50 eV landing energy. The BSE detector is 
divided in 8 annular segments that can be operated in various combinations as shown in the 
inset. The best resolution is obtained with the combination of segments used to produce the 
image to the right (Šakić et al., 2010c).  

 

 
Fig. 16. On-wafer measurements of the I-V characteristics of two types of B-layer diodes 
with areas 44 mm2 and 1.2 mm2, respectively. They form 2 out of 8 segments of a BSE 
detector. For the larger diodes, characteristics are shown for devices with and without a 
conductive Al-grid on the photosensitive surface (Šakić et al., 2010b). 
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Fig. 17. Measured electron gain of a B-layer photodiode compared to the data reported by 
(Nikzad et al., 2006) and (Funsten et al., 1997), compared to the theoretical electron gain 
(Šakić et al., 2010c). 

 
An example of the electrical characteristics of 2 out of 8 photodiode segments of a BSE 
detector are shown in Fig. 16. The beneficial effect of the Al-grid on the series resistance is 
seen in the high current forward bias region. Also, a reliably low dark current is seen in the 
reverse bias region. The electron gain of B-layer photodiodes is shown in Fig. 17. It is 
measured using the electron beam of a SEM system as electron source, a Faraday cup to 
measure the reference electron beam current (incident electrons), and a reverse biasing of 
3 V is applied to the photodiode during electron detection. Also included are values for 
other low-energy electron detectors reported in the literature by (Nikzad et al., 2006) and 
(Funsten et al., 1997). In addition, the theoretical value of the gain is calculated as the 
incident energy of the electron beam over the creation energy of an electron-hole pair in 
silicon of 3.61 eV. Although the gain values at low electron energies reported in (Nikzad et 
al., 2006) are high, they are unreliable due to noise and do not exhibit clear energy 
dependence. Furthermore, the sensitivity in the region above 4 keV drops off significantly. 
B-layer photodiodes show the expected energy dependence and operate closer to the 
theoretical limits than those reported in (Funsten et al., 1997), especially below 1 keV. At 500 
eV and 1 keV, they have an electron signal gain at low energies of 60% and 74% of the 
theoretical gain value, respectively. 
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5. Conclusion 

The three industrial detector applications of the presented B-layer photodiodes, i.e., DUV, 
EUV and low-energy electron detectors, demonstrate the high performance and integration 
versatility of this silicon technology. The special doping properties of the low-temperature 
α-B deposition and the electrical properties of the α-B layer itself are instrumental in 
securing a damage-free extremely shallow diode that provides superior performance in 
terms of dark current, optical responsivity, and radiation induced degradation. The 
DUV/VUV/EUV photodiodes can be implemented to obtain close to 100% internal and 
external quantum efficiency, and low-energy electron detection with record-high sensitivity 
has been demonstrated down to 200 eV. Moreover, the silicon fabrication technology is 
highly reliable and enables flexible configurations of the diodes and other on-chip 
components, enhancing the detector speed and functionality. This is particularly 
demonstrated by the low RC constant of the low-energy electron detectors combined with a 
segmented photodiode design and a through-wafer aperture.   
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