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1. Introduction 

 
Most modern-day electronic devices would not exist without photodiodes. Some type of light 
detection is needed in a very diverse spectrum of applications ranging from simple toys to the 
most complicated scientific instruments and usually photodiodes act as the eyes of those de-
vices. Silicon is the most popular material choice due to low cost, maturity of the technology 
and because it is sensitive to photons with wide range of energies spanning from high energy 
particle and X-rays, through ultraviolet (UV) and visible light, all the way to near infrared light 
(NIR). Some example applications operating on different portions of the spectrum include lug-
gage and computed tomography scanners utilizing X-rays [1], search of dark matter using vac-
uum ultraviolet (VUV) emitting liquid scintillators [2–4], optical encoders [5] and optical heart 
rate monitoring [6] using visible light, and light detection and ranging (LiDAR) utilizing         
NIR [7]. As the range of applications expands, so does the list of requirements set for the pho-
todiodes. Therefore, there is an increasing demand for photodiodes that achieve high sensitiv-
ity across multitude of wavelengths, incidence angles and light intensities.  

An ideal photodiode would detect every single incoming photon regardless of the wavelength, 
incidence angle or intensity of the light. Since their invention, photodiodes have been exten-
sively studied and more sophisticated structures like silicon drift detectors [8], avalanche pho-
todiodes [9] and silicon photomultipliers [10] have been developed to improve e.g. their speed 
or sensitivity to low light levels. These structures are adding complexity around the basic func-
tionality, yet the core technology has remained the same: anti-reflective (AR) coating is used 
to minimize reflections and doped pn-junction is used for separation and collection of photo-
generated charge carriers. This approach is simple and cost-effective, but it sets some funda-
mental limitations keeping the photodiode performance far from ideal. First of all, the AR coat-
ings are based on index matching principle where reflections are minimized at some wave-
length determined by the refractive index and thickness of the coating. This approach is very 
effective at a single central wavelength and incidence angle at the cost of higher reflections at 
others. Adding a second or more additional AR layers of different materials can widen the low 
reflectance region around the central wavelength, but at the cost of even higher reflectance 
outside the region compared to a single AR layer [11]. Consequently, the coating needs to be 
optimized separately for each wavelength and angle. Another significant optical limitation 
originates from the silicon material properties: long absorption depth of NIR photons that have 
energy close to the cut-off limit defined by the silicon bandgap. Effective detection of these 
photons would require a thick substrate which impacts negatively the dark current, capaci-
tance and response speed of the photodiode.  



Introduction 

2 

Nanostructured silicon surface, also known as black silicon (b-Si), has attractive optical prop-
erties that could be beneficial for photodiodes. Due to gradually changing refractive index [12], 
the nanostructures absorb practically all visible photons regardless of their wavelength or in-
cidence angle making the material completely black to the naked eye. Additionally, b-Si is 
known to scatter the absorbed light [12,13], making the optical path inside the silicon longer. 
This could especially boost the detection of NIR photons that have long absorption depth. 
These properties make b-Si a potential candidate for replacing the conventional AR coatings 
in photodiodes and could bring the responsivity closer to the ideal. However, one major draw-
back of b-Si has been its significantly increased surface area which increases surface recombi-
nation, leading to high electrical losses. Additionally, the small size and high aspect ratio of the 
nanostructures make their effective surface passivation difficult using many of the common 
thin film deposition techniques. These issues have been mitigated with highly-conformal alu-
minium oxide (Al2O3) films grown with atomic layer deposition (ALD), resulting into surface 
passivation quality similar to planar surface [14]. Consequently, ALD Al2O3 passivated b-Si has 
allowed the realization of high-efficiency solar cells [15]. The operation principles and struc-
tures of solar cells and photodiodes are very similar and hence it could be possible to replace 
the photodiode AR coating with ALD Al2O3 passivated b-Si and obtain similar benefits. 

One potential issue in implementing b-Si into photodiodes is the pn-junction formation [16]. 
The large and irregular surface area of b-Si can cause the dopants to be unevenly distributed 
when applied using typical methods like diffusion or ion implantation. Additionally, the total 
dopant concentration can be much higher than in corresponding planar surface, resulting into 
higher electrical losses due to Auger recombination [17]. Since this effect is the strongest near 
the surface, it is especially harmful for detection of UV photons that are absorbed within the 
first few nanometres below the surface. Therefore, another method for junction formation is 
needed. 

ALD  Al2O3 films have been shown to contain a high density of negative fixed charges [14]. 
The resulting field effect is one key factor for efficient b-Si surface passivation, but it could have 
also another role. The negative charge will attract holes towards the surface and if the number 
of holes is large enough, they could form an area that is effectively p-type. This way, it could be 
possible to form a pn-junction in lightly doped high resistivity n-type silicon without the need 
for doping. This kind of induced junction has been previously demonstrated with planar p-type 
silicon by using positive charge found in silicon dioxide (SiO2) film [18]. Since there would be 
no need for dopants in induced junction, it should also eliminate Auger recombination bene-
fitting especially UV detection. Furthermore, there is an additional potential benefit arising 
from the synergy between b-Si and induced junction. The effective fixed charge density of ALD 
Al2O3  on b-Si has been observed to be significantly higher than on comparable planar  
surface [19] due to the significantly increased surface area of b-Si. This should further boost 
the formation of induced junction and decrease its sheet resistance. However, due to the ran-
dom 3D structure of b-Si, the electric field inside is more complicated than in its planar coun-
terpart. Any possible inhomogeneity or other effects should be studied in more detail to un-
derstand how they could affect the device performance. Another concern is the stability of the 
fixed charge. Since the operation of the photodiode would rely entirely on the existence of the 
charge, its stability under different conditions is critical. In many applications, such as space 
missions or particle accelerators, photodiodes need to operate in extremely hostile environ-
ment and will be exposed to large doses of radiation. Especially ionizing radiation could be 
detrimental since it has been shown to induce charges into dielectric films [20]. To replace 
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doped junction with induced junction in these applications, the radiation hardness needs to be 
studied. 

This thesis investigates if a new photodiode concept combining b-Si and induced junction 
could solve the aforementioned issues related to optical losses and junction formation.  First, 
the optical properties of b-Si are studied in Chapter 2 (Publication I). Chapter 3 investigates 
how material parameters and b-Si structure affects the field effect using Silvaco Atlas simula-
tions (Publication II). Then, Chapter 4 focuses on the new photodiodes and their characteris-
tics. First, the structure and fabrication of the new concept is introduced (Publication I). The 
most important characteristics of the photodiodes are then discussed from different points of 
view. Special attention is given to the responsivity which is first compared to state-of-the-art 
(Publication I). Then, a closer look is given to the UV (Publications III and IV) and NIR (Pub-
lication V) portions of the responsivity. Next, the behaviour of dark current is investigated with 
different substrate resistivities and as a function of bias voltage and temperature 
(Publication IV). Finally, the radiation hardness is studied and compared to conventional pho-
todiodes by observing the changes in the dark current and responsivity caused by proton and 
electron beam irradiation (Publication VI).
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2. Optical properties of black silicon

2.1 Surface morphology

Black silicon (b-Si) refers to silicon surface that appears black to the naked eye but there are 
several types of structures and fabrication methods to achieve a black surface. Some common 
methods include electrochemical etching [21], stain etching [22], metal assisted chemical etch-
ing [23] and irradiation with femtosecond laser [24]. This thesis concentrates only on a method 
relying on reactive ion etching (RIE) [25,26] which is based on random local micromasking 
occurring during competing reactions between silicon etching by fluorine radicals produced 
from sulfur hexafluoride (SF6) and protective silicon oxyfluoride (SiOxFy) layer formation by 
oxygen (O2) plasma. This method is relatively fast, independent on silicon crystal orientation, 
does not employ any contaminating metals, can cover entire wafer surface with random 
nanostructures without a mask and the morphology of the resulting structures can be well con-
trolled with the process parameters. Scanning electron microscope (SEM) images of a typical 
b-Si structure made by RIE are shown in Figure 1. It consists of randomly shaped and placed 
needle-like structures with dimensions below 1 μm.

The optical properties of b-Si are based on the so called moth’s eye principle [27]. Because 
the size of the nanostructures is comparable to the wavelength of light, they form an effective 
medium where the refractive index changes gradually from air to silicon. Therefore, no clear 
interface exists between the materials that would cause reflections. Instead, the b-Si surface 
can be thought as a stack of thin layers with refractive indices dictated by the fraction of air 
and silicon within each layer [11,13,28] which results into practically complete elimination of 

Figure 1 SEM pictures a) from side and b) top of a typical b-Si structure made by RIE. (Figure a reprinted with 
permission from M. A. Juntunen, J. Heinonen, V. Vähänissi, P. Repo, D. Valluru, and H. Savin. Near-unity quan-
tum efficiency of broadband black silicon photodiodes with an induced junction. Nature Photonics, 10, p. 777-781 
(2016). Copyright 2016 Nature Publishing Group)
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reflections over a wider range of wavelengths and incidence angles. This principle is illustrated 
in Figure 2. The resulting reflectance is determined by the refractive index profile and theoret-
ical calculations have shown [29] that the profile closest to optimal would follow quintic of 
exponential sine functions. Change in bandgap due to quantum confinement effect can also 
affect the optical properties but only at the tips of sharp needles since the effect occurs only in 
structures with a diameter of a few nm [30,31].

Additionally, the b-Si structure leads into scattering of the reflected and transmitted
light [12,13]. This can increase the effective optical path length of the light inside silicon, boost-
ing the absorption of NIR photons due to light trapping effect. The random size of the 
nanostructures plays a role here. Small needles lead into only a weak light trapping effect but 
low reflectance whereas the opposite is true for large structures [32]. Therefore, the random 
combination of smaller and larger needles results simultaneously into low reflectance and 
some light trapping [12].

The morphology and therefore also the optical properties of RIE etched b-Si depends on sev-
eral process parameters such as temperature, SF6/O2 gas flow ratio, pressure, etching time and 
plasma power [26,33,34]. Drastically different structures in shape and size can be produced by 
changing these parameters. In general, the needle height, density and top angle (i.e., sharpness 
of the tip) seem to affect the optical properties the most [34,35]. Atteia et al. [35] suggest that 
the optimal absorbance is obtained when the needle height is maximized, their pitch is mini-
mized and the tips are as sharp as possible.

Most of the studies on RIE etched b-Si are done using cryogenic temperatures due to better 
stability of the process and less surface damage. From industrial point of view, cryogenic tem-
peratures are problematic since maintaining such a low temperature requires more compli-
cated tools and extends the needed processing time. Thus, higher temperature process would 
be preferred in mass production. Unfortunately, the SiOxFy layer formed by oxygen plasma is 
more volatile at higher temperatures [36,37] and therefore the etching is more efficient at cry-
ogenic temperatures. However, it is possible to obtain b-Si also at higher temperatures and 
even at room temperature [38–40] but the other etching parameters need to be tuned for dif-
ferent temperatures separately. If the parameters are not adjusted, the resulting nanostruc-
tures at higher temperatures can be shallower and more porous [33] or even no structures 
might be formed [38].

Figure 2. Illustration showing how the refractive index of b-Si can be thought as a stack of layers where the index 
changes gradually from air (nair) to silicon (nSi).
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Since the entire b-Si etching principle is based on unbalance between silicon etching and 
SiOxFy layer formation, the SF6/O2 gas ratio is the most critical parameter in the process. Com-
pared to typical RIE etching where isotropic etching with vertical sidewalls is desired, b-Si is 
formed when there is excessive SiOxFy formation from O2 [25]. Increasing the O2 fraction will 
result into smoother nanostructure sidewalls but also slows down the etch rate and decreases 
the size of the structures leading to higher reflectance [33,34].  

Low chamber pressure is also favourable since it results into higher needles with steeper 
sidewalls [33]. At increased pressure, the etching is more isotropic, leading into less steep side-
walls and smaller needles which is seen as higher reflectance.  

Etching time naturally also affects the morphology. Longer etching time yields taller needles 
and hence lower reflectance [33,34,38,39]. Unfortunately, longer etching also increases the 
structure surface area and generates more damage to the surface which decreases carrier life-
time causing electrical losses [38,39]. Therefore, there is a trade-off between the optical and 
electrical properties when using b-Si in an actual device. 

Plasma power is another important parameter affecting the outcome. Higher plasma power 
increases the kinetic energy of the ions resulting into more efficient etching which can produce 
b-Si with very low reflectance [38–40]. On the other hand, the stronger ion bombardment will 
also lead into more surface damage. Therefore, low plasma power is preferred when the surface 
needs to be well passivated.  

 

2.2 Reflectance and absorption 

For traditional AR coatings, the lowest reachable reflectance depends mainly on the refrac-
tive index of the coating. The minimum reflectance is obtained with a single layer coating when 
its optical thickness is exactly a quarter of the wavelength. Then the reflectance for a perpen-
dicular beam is defined as = ( − )( + ) (1) 

 
where ,  and  are refractive indices of air, silicon and AR coating, respectively [11]. 
The most common AR coatings used in photodiodes are SiO2 and silicon nitride (Si3N4). As-
suming optimal coating thickness and using the typical refractive indices of these  
materials [41], the above equation is used in Figure 3 to plot the optimal reflectance values that 
can be achieved if the layer thickness is optimized for each specific wavelength between  
200 nm – 900 nm. It shows that Si3N4 can supress reflections to below 0.3% at wavelengths 
>450 nm, whereas with SiO2, it is not possible to reach <7%. On the other hand, both materials 
suffer from high reflectance at UV even with optimal layer thickness. Consequently, <0.3% 
reflectance is desired for b-Si at visible wavelengths to achieve performance comparable to op-
timized Si3N4 layer while <10% reflectance at UV would be enough to outperform Si3N4 and 
SiO2. As mentioned earlier, the low reflectance region can be broadened by using a stack of AR 
layers  [42,43] (two examples shown in  Figure 4) but as a drawback it complicates the design 
and fabrication processes.  
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There are many groups around the world studying different types of b-Si for diverse purposes 
and therefore widely varying absorption properties have been reported. Review made by 
Otto et al. [12] compares the optical performance of typical b-Si samples fabricated with 

Figure 3. Lowest reflectance that can be achieved at each wavelength with Si3N4 and SiO2 coating when layer 
thickness is optimized for each specific wavelength.

Figure 4. a) Measured and calculated reflectance spectra from Al2O3/Si3N4 stack on Si. (Reprinted with permis-
sion from D. Wu, J. Rui, D. Wuchang, C. Chen, W. Deqi, C. Wei, H. Li, Y. Huihui, L. Xinyu, Optimization of 
Al2O3/SiNx stacked antireflection structures for N-type surface-passivated crystalline silicon solar cells, Journal of 
Semiconductors, 32 (2011). Copyright 2011 Chinese Institute of Electronics) b) Measured and calculated reflec-
tance spectra from Si3N4/SiO2/Si3N4 stacks on Si optimized to achieve coatings with green, red or blue colour 
while suppressing reflectance at other wavelengths. (Reprinted with permission from J.H. Selj, T.T. Mongstad, R. 
Søndenå, E.S. Marstein, Reduction of optical losses in colored solar cells with multilayer antireflection coatings, 
Solar Energy Materials and Solar Cells, 95 (9), p. 2576–2582 (2011). Copyright 2011 Elsevier B.V.)
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different methods. Summary of the absorption spectra of different types of samples is shown 
in Figure 5. Absorption is defined as A = (100-R-T)% where R is the reflectance quantifying the 
radiation reflected by the front surface and T is the transmittance associated with the portion 
of incident light transmitted through the sample. It can be seen that in this study the highest 
absorption has been achieved with gold (Au-MACE cones) and silver (Ag-MACE wires long) 
assisted chemical etching methods resulting into >99% absorption across the entire shown 
wavelength range. The next best is inductively coupled plasma reactive ion etched (ICP-RIE) 
sample reaching 97% - 99% while the other methods suffer from >4% losses. However, any 
definitive universally valid ranking between the different methods cannot be done based on 
just this one set of samples since all the methods can be altered by tuning the process parame-
ters.  

Among other reports from RIE etched b-Si, it seems that very low reflectance is easier to 
obtain at cryogenic temperatures [15,26,33,34,44], whereas higher temperatures typically 
yield slightly higher reflectance in the range of 2% - 5% [38–40]. Gaudig et al. [38]  
reached >99% values at room temperature but the process required higher plasma power 
which generated significant surface damage making efficient surface passivation challenging. 
However, Davidsen et al. [45] managed to reach >99% absorption with a room temperature 
process without generating extensive surface damage. Another successful strategy to reach 
comparable ultra-high absorption has been a two-step process where first micrometre scale 
pyramids are etched and then in the second step nanostructures are etched on their  
surface [46]. In this structure, the microstructures give an additional boost to the NIR light 
trapping. AR coating can also be added on top of b-Si which can further improve absorption 
[47]. 

The b-Si used in this thesis was fabricated with ICP-RIE at cryogenic temperature (see the 
typical structure in Figure 1) and its optical properties are studied in Publication I. Figure 6a 

Figure 5. Absorption spectra measured from samples with different types of structures on the surface including 
inverted pyramids (KOH pyramids), b-Si by ICP-RIE (ICP deep), ICP-RIE etched structures on inverted pyramids 
(KOH+ICP shallow), silver-assisted chemical etched b-Si (Ag-MACE wires long), gold-assisted chemical etched 
b-Si (Au-MACE cones), electrochemically etched microporous silicon (macP-Si) and b-Si formed with femtosec-
ond laser irradiation (L-Si black). (Reprinted with permission from M. Otto, M. Algasinger, H. Branz, B. Gese-
mann, T. Gimpel, K. Füchsel, T. Käsebier, S. Kontermann, S. Koynov, X. Li, V. Naumann, J. Oh, A.N. Sprafke, J. 
Ziegler, M. Zilk, and R.B. Wehrspohn, Black silicon photovoltaics, Advanced Optical Materials, 3, p. 147–164 
(2015). Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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shows the absorption spectra measured from a sample with b-Si etched on the surface and 
from a reference sample having a polished planar surface. The b-Si sample was coated with 
20 nm thick ALD Al2O3 so that it is comparable to an actual device where some surface pas-
sivation layer is always needed. The polished reference sample reflects approximately 60% of 
the incoming light at UV and 30% in the NIR range. Hence, absorption stays below 70% over 
the range 250 nm – 950 nm. By contrast, the reflectance for the samples with b-Si is reduced 
to ~1% in the same range, leading to absorption higher than 98%. The effect of longer optical 
path length in b-Si is seen in the NIR absorption. The transmittance of the planar sample starts 
to increase around 1000 nm due to low absorption coefficient of silicon which is seen as a sharp 
drop in the absorption when wavelength is further increased. Similar drop is also seen with 
b-Si but it is shifted towards longer wavelengths resulting into ~20% absorption even at 
1200 nm. Angle dependent reflectance measurements in Figure 6b also demonstrate how b-Si 
absorbs efficiently even at angles as high as 70˚.

The achieved absorption clearly exceeds the comparable RIE etched samples in Figure 5 and 
is on par with the metal assisted chemical etched samples. At all wavelengths, the absorption 
is also similar to the optimal value calculated for single Si3N4 layer. Therefore, the optical per-
formance of the b-Si is sufficient to replace traditional AR coatings at any wavelength.

Figure 6. a) Absorption of planar (dashed) and b-Si (solid) surfaces as a function of wavelength obtained from 
reflectance and transmittance measurements at a perpendicular incidence angle. b) Reflectance of the b-Si sam-
ple for different incidence angles of 10°, 50°, 60° and 70°. The inset shows a zoomed-in view for wavelengths be-
tween 377 nm and 900 nm. (Reprinted with permission from M. A. Juntunen, J. Heinonen, V. Vähänissi, P. Repo, 
D. Valluru, and H. Savin. Near-unity quantum efficiency of broadband black silicon photodiodes with an induced 
junction. Nature Photonics, 10, p. 777-781 (2016). Copyright 2016 Nature Publishing Group)
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3. Field effect in black silicon 

3.1 Electric field and charge-carrier distribution 

The operation of a photodiode is based on photogenerated carrier separation by electric field 
present in the depletion region of a pn-junction. Traditionally, the pn-junction has been im-
plemented by doping silicon using techniques like ion implantation or diffusion, but these ap-
proaches suffer from Auger recombination near the doped surface, lowering the UV response. 
An alternative method exhibiting exceptionally high UV responsivity was demonstrated al-
ready in 1970’s utilizing so-called induced junction which is based on p-type silicon and posi-
tive charge present in thermal oxide [18]. The positive charge will attract electrons towards the 
surface and if their concentration becomes high enough, portion of the p-type silicon can be 
inverted into n-type effectively forming a pn-junction. Unfortunately, the charge density in 
thermal oxide is rather low, typically in the range of 1010 cm-2  - 1011 cm-2 [48]. Consequently, 
only weak inversion was achieved which led into high sheet and series resistance. This was seen 
as poor performance at high light intensities [18,49,50]. Additionally, the positive charge re-
quires the use of p-type substrates while the photodiode industry is mostly using n-type. There-
fore the technology never became mainstream and is currently used only in some special ap-
plications [51]. ALD Al2O3 on the other hand contains significantly higher charge density than 
SiO2, typically 1 – 5 × 1012 cm−2 [14,52,53], and hence should yield lower sheet resistance. The 
charge in ALD Al2O3 is also negative which would allow the use of n-type substrate. 

b-Si adds further challenges to the junction formation. Due to the irregular and large surface 
area, the dopants can be unevenly distributed and the resulting concentration can be signifi-
cantly higher than on planar surface [16,17]. ALD on the other hand is known to produce highly 
conformal films and therefore ALD Al2O3 should be able to realize a conformal induced junc-
tion in n-type b-Si. Additionally, the geometry of b-Si has been shown to further increase the 
effective charge density [19] giving an additional boost to the inversion strength.  

The field-effect and the resulting inversion layer and induced junction in b-Si are investigated 
in Publication II. Silvaco Atlas is used to simulate a simplified 2D model of 200 nm wide and 
700 nm high b-Si needles coated with ALD Al2O3. First, the spatial smoothness of the electric 
field is studied. The direction of the electric field is important for photodiode operation since 
it affects the collection of light-generated charge carriers. Figure 7a shows the resulting hole 
concentration profile simulated with a model where 2.5×1011 cm-3 phosphorus bulk concentra-
tion and −2.5 × 1012 cm−2 Al2O3 charge density are applied to a structure containing the b-Si 
needles and 2 μm of bulk below them. In the entire shown region, the hole concentration ex-
ceeds the n-type bulk dopant concentration by several orders of magnitude. Hence, the entire 
b-Si needles and more than 500 nm of bulk below the nanostructures are inverted into  
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p-type (the inversion depth is further studied in Chapter 3.4), which confirms that the charges 
at the silicon–Al2O3 interface induce a strong junction at the b-Si surface with the applied pa-
rameters.

The hole concentration profile shown in Figure 7a reveals that the electric field in b-Si is lat-
erally nonhomogeneous. Therefore, the lateral nonhomogeneity of the electric field is investi-
gated by taking horizontal cross sections from the simulated electric field starting from the 
bottom of the b-Si needles (y = 0 μm in Figure 7a) and progressing toward the bottom of the 
simulated bulk region with the new cross section taken every 50 nm. The standard deviation 
of the electric field magnitude is calculated for each cross section and plotted as a function of 
depth in Figure 7b. The figure shows that the deviation in the electric field decreases exponen-
tially in the bulk and reaches practically zero (deviation decreases comparable to 10−5, default 
convergence threshold in Atlas) 400 nm below the bottom of the b-Si nanostructures. Conse-
quently, the electric field can be considered flat starting from that depth. This means that the 
junction charge collection efficiency should be comparable to a device with a planar surface as 
long as the charge carriers of different type are collected, i.e., the induced junction extends, at 
least 400 nm below the b-Si needles, where the electric field is already flat. For long-wavelength 
radiation, which is absorbed deep in the substrate, this is naturally the situation. Instead, 

Figure 7. a) Simulated concentration distribution of holes in b-Si needles. (b) Standard deviation of the corre-
sponding electric field in horizontal cross sections below b-Si as a function of depth. Note the logarithmic y-axis. 
Only the first 800 nm of the bulk is presented although the simulation was extended to 2-μm depth from the bot-
tom of the b-Si nanostructures. (Reprinted with permission from J. Heinonen, T. P. Pasanen, V. Vähänissi, M. A. 
Juntunen, and H. Savin. Modeling field effect in black silicon and its impact on device performance. IEEE Trans-
actions on Electron Devices, 67(4), p. 1645-1652 (2020). Copyright 2020 IEEE)
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short-wavelength photons create electron–hole pairs within the induced region. Nevertheless, 
the generated minority carriers (i.e., electrons) are repelled from the surface due to the strong 
electric field induced by the negative charges, and the low doping concentration of the material 
ensures that the charge carriers are effectively collected by the flat junction.

3.2 Effect of substrate doping on inversion depth

With higher bulk doping, the field effect will reach a shorter distance in the bulk. This is 
analogous to a doped p-n junction, where the electric field extends deeper into the side with 
lower doping. This effect is studied by repeating the electric field simulation with varying bulk 
doping concentrations while keeping the dielectric charge density constant. Simultaneously, 
the edge of the inversion layer, i.e., the depth at which the hole concentration exceeds the bulk 
dopant concentration, is monitored. Since the simulation concentrates only on phenomena in-
side the b-Si needles, the accuracy of the simulation is increased by using a structure consisting
of only a single cylindrically symmetric b-Si needle.

Figure 8 shows the evolution of the inversion layer edge in b-Si needles with increasing do-
pant concentration. The whole b-Si needle and 400 nm of bulk below the nanostructures are 
inverted with the n-type dopant concentration of 6×1013 cm−3 or lower (i.e., the resistivity 
of >74Ωcm). When increasing the doping level, horizontal variations appear below the needle. 
The needle starts to have noninverted regions when the dopant concentration exceeds∼1×1016 cm−3, which is close to a typical doping level for solar cell substrates. The nonlateral 
electric field components may have an effect on carrier transport within the induced region 
already with that resistivity. Elimination of the variations in electric field direction would re-
quire a higher charge density on the surface. The entire needle remains noninverted with dop-
ing concentration higher than 1×1018 cm−3 (∼26 mΩcm). This sets a limit to the lowest resis-
tivity that can be still used to generate an induced junction using ALD Al2O3. To extend the 
range, some other material/technique with higher charge density is needed. One promising 
recently reported method is based on driving potassium ions into an oxide film which was 
shown to yield charge densities up to 2×1013 cm−2 [54].

Figure 8. Inverted (blue regions) and noninverted (red regions) regions of b-Si needles and 400 nm bulk below 
them with different n-type dopant concentrations between 6×1013 and 1×1018 cm−3, while the charge density on 
the surface is kept at −2.5×1012 cm−2, typical for ALD Al2O3. (Reprinted with permission from J. Heinonen, T. P. 
Pasanen, V. Vähänissi, M. A. Juntunen, and H. Savin. Modeling field effect in black silicon and its impact on de-
vice performance. IEEE Transactions on Electron Devices, 67(4), p. 1645-1652 (2020). Copyright 2020 IEEE)



Field effect in black silicon

14

3.3 Effective charge density in the dielectric film

Experimental studies [19,55,56] have reported effectively three to seven times higher charge 
densities on b-Si compared with planar surfaces coated with an identical dielectric thin film, 
which affects the electric field strength in the b-Si structures. Based on experiments and ana-
lytical 1D calculations, von Gastrow et al. [19] deduced that the charge enhancement factor for 
b-Si is directly proportional to the increased surface area with respect to a flat surface. A more 
recent study [57] suggests that the boost from b-Si could be dependent on the dielectric 
charge density so that significant boost occurs only at low and moderate charge 
densities (< 1×1012 cm-2). In Publication II, the effective charge density is studied in 3D using 
the model consisting of a single cylindrically symmetric b-Si needle. As a clarification, the term 
effective charge density refers here to the density of charges that are needed on a planar surface 
to induce equally strong electric field as on b-Si, and not simply how much charge there is per 
surface area.

As can be seen from Figure 7, the electric field profile in b-Si differs significantly from that in 
material with a planar surface. Thus, it is not possible to determine the effective charge density 
directly by comparing the electric field distributions in the vicinity of b-Si and planar surfaces. 
On the other hand, the influence of the electric field is seen as the number of holes the field 
attracts into the inversion layer. Consequently, the electric field and the effective charge density 
are interlinked here for the model by the average hole concentration in the inversion layer, 
which allows a direct comparison between b-Si and planar surfaces. This is done by integrating 
the hole concentration along vertical cross sections of a b-Si needle. The entire needle area is 
covered by repeating the integration in 10 nm intervals and integrating the results in the hori-
zontal direction (see the inset in Figure 9). This yields the total number of holes in the needle, 

Figure 9. Average hole concentration on a planar and a b-Si surface. The dashed black line represents the aver-
age hole concentration in the volume of a single b-Si needle and 1 μm of bulk silicon below it when a charge den-
sity of −2.5×1012 cm−2 is applied to the n needle surface and 2.5×1011 cm-3 n-type bulk dopant concentration is 
used. The blue bars indicate the corresponding average hole concentrations near a planar surface with varying 
charge densities. The inset illustrates the directions and area of the integrations. Note the logarithmic y-axis. (Re-
printed with permission from J. Heinonen, T. P. Pasanen, V. Vähänissi, M. A. Juntunen, and H. Savin. Modeling 
field effect in black silicon and its impact on device performance. IEEE Transactions on Electron Devices, 67(4), 
p. 1645-1652 (2020). Copyright 2020 IEEE)
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which is divided by the integrated surface area to obtain the average hole concentration. The 
same procedure is repeated with a planar structure with varying charge densities in the dielec-
tric. In both b-Si and planar models, the bulk dopant concentration is set to 2.5×1011 cm-3. 

In Figure 9, the blue bars indicate the average hole concentration resulting from the planar 
model with different dielectric charge densities, whereas the black dashed line indicates the 
corresponding value for the ALD Al2O3-coated b-Si structure. In the planar model, the average 
hole concentration increases approximately linearly as a function of the applied charge density 
(note the logarithmic y-axis in Figure 9). The values for planar and b-Si surfaces match when 
approximately nine times higher charge density is applied (−2.25 × 1013 cm−2) to the planar 
surface compared with b-Si. This indicates that the effective charge density on b-Si is nine 
times higher compared with a planar surface with identical dielectric. 

Factor nine is slightly larger than the experimentally determined charge enhancement fac-
tors. In addition, it is not directly proportional to the increase in surface area, as previously 
speculated [19], since the simulated needle has only seven times larger surface area compared 
with the planar structure. The difference between the simulated and experimental values is 
most likely caused by the ideal needle shape used in the simulations. Asymmetry and the ran-
domness in the size and shape of a real b-Si structure affect the achievable enhancement factor. 

3.4 Junction characteristics 

Chapters 3.1 – 3.3 concentrated on simulating only the electric field inside the b-Si 
nanostructures and immediately below them but they did not include any analysis of the junc-
tion properties deeper in the bulk. In Publication I, a full-sized induced junction diode model 
is used to study the junction also further below the surface.  The model uses a typical charge 
density of ALD Al2O3 on top of substrate with 2.5×1011 cm-3 n-type dopant concentration. The 
simulated electric field and charge-carrier distributions without illumination close to the front 
surface of the substrate are presented in Figure 10. Down to the depth of approximately 15 μm 
from the device front surface, the hole concentration exceeds the electron concentration, thus 
indicating inversion. Based on the simulations, the associated depletion region edge extends 
down to approximately a depth of 30 μm suggesting that the collection efficiency should be 
comparable to that of a conventional doped pn-junction.  

The same simulation also yielded the band structure near the front surface, which revealed 
that the built-in potential is 0.628 V. The minimum value of this potential required for strong 
inversion can be approximated by  = 2 ln  (2) 
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where is the Boltzmann constant, is the temperature, is the elementary charge, is the 
bulk dopant concentration and is the intrinsic carrier concentration. For the used high-re-
sistivity silicon, this equation yields a value of 0.166 V which is a further proof that the charge 
from ALD Al2O3 is sufficient for inducing a strong inversion layer and forms an induced junc-
tion.

Figure 10. Simulated electric field and charge-carrier concentrations as a function of depth from the device front 
surface. The solid red line corresponds to the electric field induced by negatively charged ALD Al2O3, while the 
dotted and dashed blue lines indicate the resulting hole and electron concentrations, respectively. The amount of 
minority carriers (holes) exceeds the number of majority carriers (electrons) at around 15 μm below the surface, 
indicating inversion. The phosphorus concentration in the bulk is 2.5 × 1011 cm−3. (Reprinted with permission from 
M. A. Juntunen, J. Heinonen, V. Vähänissi, P. Repo, D. Valluru, and H. Savin. Near-unity quantum efficiency of 
broadband black silicon photodiodes with an induced junction. Nature Photonics, 10, p. 777-781 (2016). Copy-
right 2016 Nature Publishing Group)
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4. Black silicon induced junction photodiode 

4.1 Structure and fabrication 

Chapter 2 showed how b-Si efficiently absorbs practically all light in a broad range of wave-
lengths and incidence angles while Chapter 3 demonstrated that the fixed charge incorporated 
in ALD Al2O3 can invert the surface of n-type silicon substrate into p-type forming an induced 
junction. The rest of this thesis focuses on fabrication and characterization of a new type of 
photodiode that combines these two concepts. It uses b-Si to eliminate optical losses and the 
charge in ALD Al2O3 to form an induced junction simultaneously, minimizing the electrical 
losses.  

The cross-sectional view of the studied b-Si induced junction photodiode is shown in  
Figure 11. The starting material is 525-μm-thick high-resistivity (>10 kΩ cm) n-type silicon 
wafer with <100> crystal orientation. The active area of the device is textured by inductively 
coupled plasma reactive ion etching (ICP–RIE) forming b-Si. The b-Si region is surrounded by 
a boron-implanted area to realize an ohmic contact to the inversion layer. The active area is 
covered with ALD Al2O3 and its negative charge generates the inversion layer. Front and back 
metal contacts are formed by aluminium (Al). The back side of the wafer is phosphorus-im-
planted to increase quality of the contact and backsurface field formation. As seen from the 
cross-section, the structure of the device resembles that of conventional pn-junction diodes. In 
this sense, the photodiode should find straightforward applications to existing technologies.  

The fabrication of the photodiodes followed the following process. Thermal SiO2 was used as 
a mask for front-side boron implantation. Boron and phosphorus were ion implanted to the 
front and backside, respectively. The oxide mask used for implantation was etched away and a 
drive-in oxidation step was performed to drive-in and activate the implanted dopants and to 
deposit a mask layer for b-Si etching, which was done on the active areas of the diodes using 
cryogenic ICP–RIE. This process used a mixture of SF6 and O2 gases at a temperature  
of −120 °C. The front surface of the photodiodes was then passivated using 20-nm-thick ALD 
Al2O3 that was also intended to form the induced junction. Processing at 200 °C was carried 
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out using trimethylaluminium (TMA) and water (H2O) as the aluminium source and oxidant, 
respectively. Al was sputtered on both wafer surfaces, lifted off from undesired areas on the 
front surface and annealed at 450 °C for 30 min at ambient nitrogen (N2) conditions.

Surface passivation quality is essential for the photodiode operation because poorly passiv-
ated surface can lead to poor responsivity and high dark current. In b-Si, this is even further 
emphasized since the greatly increased surface area results into higher surface recombination.
Furthermore, the extreme structure and dimensions of b-Si makes it difficult to completely 
cover the structures with the most common thin film deposition techniques. This is why ALD 
was chosen as the deposition method since it can deposit highly conformal films on high aspect 
ratio structures. Al2O3 was chosen as the material because it has been shown to provide surface 
passivation quality on b-Si similar to a planar surface [14]. This is due to the high negative 
charge density which, in addition to generating the induced junction, also provides good field-
effect passivation.

The passivation quality of ALD Al2O3 was characterized in Publication I by processing sepa-
rate samples for minority-carrier-lifetime measurements. Lifetimes as high as 5 ms at an in-
jection level of 2 × 1014 cm−3 were reached. Because of the high-quality substrates, an induced 
junction and no etching-induced damage [19], the bulk recombination can be considered neg-
ligible. Therefore, it is possible to determine an accurate upper limit for the surface recombi-
nation velocity from the minority carrier lifetime as

Figure 11. Cross-section of the photodiode structure. Alumina-coated nanostructures are located on top of a 
high-resistivity n-type silicon substrate (grey n− region). No dopants are needed in the active area since charge in 
the alumina induces an inversion layer in silicon, which leads to the formation of a depletion region. Aluminium is 
used as front and back contacts (silver Al regions). Below and above the aluminium, boron (red p+)- and phospho-
rus (purple n+)-implanted areas, respectively, are formed to increase the quality of the contacts. Inset: a scanning 
electron microscope image of the Al2O3-coated b-Si active area. (Reprinted with permission from M. A. Juntunen, 
J. Heinonen, V. Vähänissi, P. Repo, D. Valluru, and H. Savin. Near-unity quantum efficiency of broadband black 
silicon photodiodes with an induced junction. Nature Photonics, 10, p. 777-781 (2016). Copyright 2016 Nature 
Publishing Group)
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< (3)
Where is the wafer thickness and is the measured effective lifetime. This yields 5.3 cm/s
as the maximum surface recombination velocity, which is a lower value than what has been 
reported for thermal SiO2 (~20 cm/s) [58] and plasma enhanced chemical vapour 
deposited (PECVD) Si3N4 (~8 cm/s) [59] that are the most common surface passivation mate-
rials used in photodiodes.

After device fabrication, the existence of induced junction was verified by standard current–
voltage (I–V) measurements (Figure 12). The I–V curves show clear diode-like characteristics 
in the dark as well as under continuous-wave laser illumination. In addition, the curve meas-
ured under continuous-wave illumination demonstrates that the incoming light induces a 
significant photocurrent. The photocurrent recorded at zero bias voltage is a further indication 
that the device is a photodiode.

4.2 Responsivity comparison to state-of-the-art photodiodes

The spectral responsivity is used to describe the sensitivity of a photodiode and is defined 
as the ratio of the output current to the power incident on the device at a given 
wavelength [60]. Another significant figure of merit for photodiodes is the external quantum 
efficiency (EQE) [60], which is directly linked to the spectral responsivity and determined as 
the ratio of collected charge carriers to the photons incident on the device. Sometimes internal 
quantum efficiency (IQE) is used instead which is the ratio of collected charge carriers to the 
absorbed photons, meaning that it excludes the optical losses. Thus, disregarding carrier mul-
tiplication, 100% EQE would mean that the photodiode is able to detect every photon that 

Figure 12. Measured I-V curves in the dark and under continuous-wave laser illumination. The solid red curve 
was obtained in the dark and the dashed blue curve was obtained when the device was illuminated with a contin-
uous-wave laser (λ= 650 nm, maximum power <1 mW). Both curves show diode-like characteristics. The occur-
rence of a photocurrent even at zero bias voltage indicates that the device is indeed a photodiode. The inset is a 
zoomed-in view near the zero bias voltage value. (Reprinted with permission from M. A. Juntunen, J. Heinonen, 
V. Vähänissi, P. Repo, D. Valluru, and H. Sav-in. Near-unity quantum efficiency of broadband black silicon photo-
diodes with an induced junction. Nature Photonics, 10, p. 777-781 (2016). Copyright 2016 Nature Publishing 
Group)
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arrive to its surface whereas 100% IQE would mean that every photon that gets absorbed can 
be detected. 

In this thesis, the responsivity is measured with several different setups in different labs 
around the world, but all of the setups are based on the same principle. A lamp emitting a broad 
spectrum of wavelengths is used as a light source. It is coupled to the entrance of a mono-
chromator which is used to select only the desired wavelength. The resulting beam is then fo-
cused on the surface of the photodiode and its output current is measured. The EQE/respon-
sivity value is finally obtained by comparing the current to the output current of another pho-
todiode with known EQE/responsivity. Additionally, IQE can be obtained by measuring the 
reflectance and transmittance of the photodiode surface.  

Figure 13 shows the spectral responsivity and the EQE of the b-Si induced junction photodi-
ode (from Publication V) at zero bias voltage with a continuous-wave light source (red lines) 
measured and certified by the German national metrology institute Physikalisch-Technische 
Bundesanstalt (PTB). The maximum relative standard uncertainty of the measurement was 
0.4%. The grey dashed lines indicate the spectral responsivity and the EQE of an ideal photo-
diode (for which exactly one charge carrier is collected for each photon arriving at the surface). 
As seen from the plots, the b-Si photodiode exhibits a very high and uniform response, follow-
ing the 100% quantum efficiency line. Figure 13b also shows that the EQE exceeds 96% be-
tween 200 nm – 1000 nm and even exceeds 99% between 630 nm - 990 nm. Values higher 

Figure 13. a) The measured spectral response for the b-Si induced-junction photodiode compared with violet- 
and infrared-optimized photodiodes from the commercial manufacturer Hamamatsu [62]. The grey dashed line 
indicates the response of an ideal photodiode with 100% EQE. b) Corresponding EQE curves calculated from the 
spectral responses. c) EQE comparison to other reported b-Si photodiodes consisting of laser processed b-Si on 
the backside (Yamamoto et al. [63]), metal assisted chemical etched b-Si on front side (Zhong et al. [64]) and la-
ser processed b-Si on front side (Mazur et al. [65]).  
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than 100% are recorded for UV wavelengths (up to 132% at 200 nm); this above-unity response 
for high-energy photons can be explained by carrier multiplication [61] which is discussed in 
more detail in Chapter 4.3.  

As a comparison, Figure 13b and Figure 13c show two state-of-the-art photodiodes optimized 
for either the near-UV or IR range [62], as well as the b-Si pn-junction photodiodes with the 
best zero bias responses reported so far [63–65]. In the UV range (<400 nm), which is well 
known to be challenging for conventional photodiodes [66,67], the spectral response of b-Si 
induced junction photodiode exceeds the response of all other considered devices. The violet-
optimized S3590 photodiode, which is tailored for near-UV frequencies, achieves a comparable 
light response in a narrow wavelength region around 400 nm due to conventionally optimized 
antireflection coating. At wavelengths above 500 nm and up to 1100 nm, the b-Si induced junc-
tion photodiode is more sensitive than the reference devices, outperforming the IR-optimized 
S11499 detector.  

The other b-Si pn-junction photodiodes (Figure 13c) are characterized by a much lower EQE 
in most parts of the spectra than the b-Si induced junction photodiode. The photodiode re-
ported by Yamamoto et al. [63] has laser processed b-Si is on the backside to improve light 
trapping of NIR photons. The front surface has conventional pn-junction and AR coating which 
is why the EQE is comparable only at 1100 nm. Zhong et al. [64] fabricated devices that had 
doped pn-junction and metal assisted chemical etched b-Si on the front surface.  
Mazur et al. [65] had a similar structure except the b-Si was formed with laser processing. In 
both cases, the resulting EQE is significantly lower than in the b-Si induced junction photodi-
ode. This is probably due to damage created during b-Si processing, Auger recombination due 
to the doped junction and insufficient surface passivation.  

The exceptionally high EQE observed in the b-Si induced junction photodiode can be at-
tributed as a combined effect of several factors. First of all, the absence of dopants in induced 
junction eliminates Auger recombination which is especially beneficial at short wavelengths 
that are absorbed in the immediate vicinity of the surface. Secondly, as was shown in  
Chapter 2.2, b-Si absorbs effectively almost 100% of the incident photons regardless of their 
wavelength. Lastly, high quality surface passivation of b-Si is achieved with ALD Al2O3, which 
prevents the photogenerated charge carriers from being lost due to surface recombination. Alt-
hough it probably would be possible to further improve the absorption by tuning the process 
parameters as discussed in Chapter 2.1, it might not result into any improvement in the pho-
todiode EQE because obtaining sufficient surface passivation may become impossible. As men-
tioned in Chapter 2.1, fabricating higher and taller nanostructures is possible and would lead 
to better absorption but simultaneously the increased surface area and the etching generated 
surface damage will significantly increase surface recombination. Therefore, a compromise is 
needed between absorption and surface passivation. The b-Si used in these photodiodes is 
hence optimized to have as high absorption as possible but to still allow high quality surface 
passivation with ALD Al2O3. 

4.3 UV responsivity  

UV radiation includes photons with wavelengths shorter than visible light but longer than  
X-rays (400 nm – 10 nm). UV detection is needed in a wide range of application, including 
spectroscopy, imaging, flame detection, water purification, and biotechnology—just to name  
a few [66,68–72].  Typically, the wavelength range is further divided into vacuum  
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ultraviolet (VUV) consisting of wavelengths 200 nm – 10 nm because these wavelengths are 
absorbed by normal atmosphere gases and can propagate only in vacuum [73]. Although these 
wavelengths do not occur naturally in Earth’s atmosphere, there are some important terrestrial 
applications, like extreme UV lithography [74], where such wavelengths are used. Another ap-
plication utilizing VUV is noble liquids, such as liquid argon and liquid xenon. These materials 
act as scintillators that emit VUV photons and they have been used for example in experiments 
searching for dark matter [2–4].

As was shown in Figure 13, the b-Si induced junction photodiodes are particularly sensitive 
to UV radiation which is absorbed in the first few nanometres of the device. Most straightfor-
ward explanation for the observed >100% EQE would be carrier multiplication by secondary 
ionization, but it is not known whether the presence of ALD coated nanostructures affects the 
probability of carrier multiplication. In other words, when a photon is absorbed in silicon, it is 
not known whether or not the b-Si induced junction will boost carrier multiplication in com-
parison to its planar counterpart with doped pn-junction. The potential mechanisms behind 
this phenomenon are studied in Publication III.

A possible mechanism for carrier multiplication enhancement could be related to the high 
charge density present in the Al2O3, which is typically in the range of 1–5 × 1012 cm−2 [52,53]. 
The charge induces an intense electric field, which is possibly concentrated within the 
nanostructure, and which should have its maximum near the surface right where the impinging 
UV photons are absorbed. This could be considered somewhat analogous to avalanche photo-
diodes, in which a high electric field is generated by an external bias voltage. However, here 
the surface field would most probably assist carrier multiplication only on hot enough carriers 
resulting from UV photons. To study whether such an effect might be feasible, the same model 
from Chapters 3.2 and 3.3 is used to simulate electric field distribution and the electrostatic 
potential for a single cylindrical-symmetric b-Si nanoneedle in thermal equilibrium. 

The simulated electric field distribution and the electrostatic potential are shown in
Figure 14. They reveal that, surprisingly, there is no particular increase in the maximum elec-
tric field intensity inside the nanoneedle, even at the apex of the conic nanostructure. The max-
imum intensity value stays around 300 kV/cm, which is in the same order as expected for a 
planar surface with the same level of fixed charge. In general, electric fields on the order of

Figure 14. Simulated electrical field distribution and electrostatic potential in a single b-Si nanoneedle. (Re-
printed with permission from M. Garin, J. Heinonen, L. Werner, T. P. Pasanen, V. Vähänissi, A. Haarahiltunen, 
M. A. Juntunen, and H. Savin. Black-silicon ultraviolet photodiodes achieve external quantum efficiency above 
130%. Physical Review Letters, 125(11), 117702 (2020). Copyright 2020 American Physical Society)
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106 V/cm are required to cause a noticeable generation rate by impact ionization in 
silicon [75]. Although close, the electric field induced by the Al2O3 layer is not high enough to 
cause impact ionization, especially when taking into account that the field decreases rapidly in 
just a few nanometres below the surface.

The simulations strongly suggested that the charged thin film on the nanostructures does not 
boost carrier multiplication. The next step, therefore, is to compare the measured quantum 
yield to the corresponding planar junction. This should allow differentiation between the im-
pact of the nanostructures and the induced junction. Figure 15a shows the IQE and EQE of 
planar (blue curves) and b-Si (black curves) induced junction photodiodes, having identical 
structures besides the surface texture. Somewhat surprisingly, the IQE of the planar photodi-
ode clearly outperforms the b-Si photodiode, reaching IQE values above 200% at a wavelength 
of 200 nm. For energies above ∼3.8 eV, carrier multiplication becomes clearly visible. For 
higher energies, the phenomenon increases significantly as a function of photon energy, as 
predicted by theory. The fact that the phenomenon is clearly more pronounced in planar pho-
todiodes further supports the conclusion that any nanoscale-related effects related to b-Si can 
be discarded. Furthermore, it can be concluded that the effective carrier recombination is sig-
nificantly higher in b-Si. It is likely that there is a higher amount of recombination sites present 
in b-Si (reactive ion etching induced damage, larger surface area, exposed crystal planes with 
varying orientation). Additionally, as the electric field is quite small in the middle of the needles 
(Figure 14), the carriers need to diffuse a relatively long distance before being collected, which 
may also increase recombination. This leads to the possibility that by reducing the aspect ratio 
without compromising the reflectance, the performance of b-Si photodiodes could be even 
higher. Obviously, other considerations, such as the enlarged effective surface and a greater 
density of states in the textured surface, need to be factored in during the optimization. This 

Figure 15. a) Comparison of both IQE and EQE of two similar induced-junction photodiodes, one with b-Si textur-
ing (black curves) and another with planar surface (blue curves). Additionally, the IQEs reported for different sili-
con photodetectors with planar surface are shown as comparison (Christensen [76], WFG [77], Kolodinski [78]). 
The purple curve shows Silvaco Atlas simulation of b-Si photodiode. b) Schematic of the band diagram for silicon. 
(Reprinted with permission from M. Garin, J. Heinonen, L. Werner, T. P. Pasanen, V. Vähänissi, A. Haarahiltu-
nen, M. A. Juntunen, and H. Savin. Black-silicon ultraviolet photodiodes achieve external quantum efficiency 
above 130%. Physical Review Letters, 125(11), 117702 (2020). Copyright 2020 American Physical Society)
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result also suggests that there is plenty of room for improvement in planar UV photodiodes by 
incorporating an induced junction in combination with traditional AR coatings.  

Further insight into the physical nature of carrier multiplication in the photodiodes can be 
achieved through carefully inspecting the features of the IQE spectra in the UV range.  
Figure 15a shows the comparison to previously published diodes [76–78] that possess high IQE 
values, above one, due to carrier multiplication. All the curves show similar spectral features 
that can be related to characteristics in the band structure of silicon (see Figure 15b). It should 
be pointed out that in this energy range carrier multiplication is particularly sensitive to the 
band structure and the related wave vector location. In Figure 15a, the most prominent features 
visible in the IQE curves are labelled as B and C which are present in all curves. Interestingly, 
feature A is non-existent in both b-Si and planar samples. The explanation to the absence of 
feature A could be related to base doping (n-type) combined with induced junction (as com-
pared to p-type doping with Kolodinski). However, the role of inaccuracies in reflectance meas-
urements cannot be totally ruled out, as they are usually relatively high for wavelengths below 
350 nm, since also the dispersion in silicon shows features in the UV related to the band struc-
ture. In summary, all the observations in b-Si are similar to the results obtained in planar de-
vices thereby discarding, e.g., quantum-confinement effects in the b-Si nanostructure tips. 

In order to support the experimentally observed above unity EQE and the proposed explana-
tion for it, IQE was simulated using Silvaco Atlas and a model of the b-Si photodiode described 
in detail in Publications II and III. The general structure of the model follows the schematic 
shown in Figure 11. However, in order to reduce the computational complexity, planar active 
area surface without the nano-needles was used. Furthermore, the UV response simulation 
accuracy was increased by using only 100 μm wide active area and 100 μm thick substrate. This 
allowed increased mesh density near the surface where UV photons are absorbed. The n-type 
dopant concentration in all silicon areas was set to 2.25×1011 cm-3. The typical charge density 
found in ALD Al2O3 (2.5×1012 cm-2) was multiplied by nine to account for the field-enhance-
ment in the nanoneedles and then applied to the Si-Al2O3 interface. The dopant profiles of the 
implanted n- and p-type areas under the contacts were simulated with ICECREM and then 
imported into the Atlas simulation model. The areas with aluminium were defined as ideal 
ohmic contacts. For better charge carrier recombination modelling, Shockley-Read-Hall 
(SRH) and Auger recombination models were added. SRH carrier lifetime in the bulk silicon 
was set to 10 ms. Corrected Auger recombination coefficients of 3.919×10-30 cm6/s (for elec-
trons) and 8.415×10-31 cm6 /s (for holes) were calculated using equations given in [79]. The 
simulation also accounted for surface recombination occurring at the interfaces of different 
materials. On Si-aluminium interfaces, the surface recombination velocities of electrons (Sn) 
and holes (Sp) were both set to 1×107 cm/s whereas on Si-Al2O3 interface they were set to 
1×105 cm/s. 

The spectral responsivity simulations were performed using the Luminous simulation pack-
age included in Atlas. To illuminate the device, a 98 μm wide light beam with 0.1 mW/cm2 

power density was defined at the centre of the active area perpendicular to it. The default re-
fractive indices in the Atlas material database for Al2O3 and silicon were used in the light ab-
sorbance simulation. The simulation was repeated while changing the beam wavelength at 
each iteration from 200 nm to 500 nm with 20 nm steps. Since Silvaco Atlas does not incor-
porate multiple carrier generation in their models, this needs to be separately accounted for in 
the simulations. This was done by considering the calculations presented in [80] for the mean 
energy required for creating an electron-hole pair as a function of the photon energy and by 
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adjusting the number of carriers generated by each photon at each wavelength, correspond-
ingly. This should result in a generation profile resembling an experimental one. The purple 
line in Figure 15a presents the simulated IQE in the b-Si detector. The shape matches nicely 
the experimental data points, excluding the small features since [80] does not take into account 
the specific transitions (A, B, and C) in the band structure. The slightly higher IQE above 
4.5 eV in simulations can be explained by near-surface etching damage causing additional re-
combination in the experimental IQE. All in all, the simulations support the measured above 
unity EQE.

In conclusion, all the presented results regarding i) numerical simulations of the electric field 
in the nanostructure, ii) comparison of IQE to the corresponding planar photodiode, iii) anal-
ysis of features in the IQE spectra, and iv) simulations of IQE in the b-Si photodiode are indi-
cating that the observed above unity EQE is not caused by quantum confinement or any related 
phenomenon. Instead, all results consistently showed that the high performance is based on 
effective utilization of multiple carrier generation by impact ionization taking place in the 
nanostructures.

4.4 VUV responsivity and effect of temperature

Unlike in the other photodiodes, the EQE of b-Si photodiode in Figure 13b seems to be in-
creasing as a function of photon energy. Therefore, the EQE at even higher photon energies is 
studied in Publication IV. Figure 16a shows the EQE as a function of photon energy between 
0.8 eV (1550 nm) to 7.3 eV (170 nm) measured at zero bias in Brookhaven National 
Laboratory (BNL). The measurements were done at room temperature and at 87 ˚K. Similar 
to Figure 13, also here the room temperature EQE exceeds 100% with photon energies 
above 4 eV (below 310 nm) and keeps increasing approximately linearly as a function of photon 
energy reaching ~150% at 7.3 eV. The linear increase of EQE agrees with the average pair cre-
ation energy of 3.66 eV which has been observed in silicon with higher energy photons [80]. 
At 87 °K cryogenic temperature, the EQE drops by <10% at photon energies <4 eV. However, 

Figure 16. a) The measured quantum efficiency versus the incident photon energy for a b-Si photodiode from 0.8 
eV to 7.3 eV (1550 nm to 170 nm) at room temperature (red) and at 87°K (blue). Open circles and squares are 
the data of 2 samples among two sets of results from the VUV and visible/NIR measurements, lines are con-
nected for clarity. Representative error bar for one sample is shown at the data points of 7.1 eV for both tempera-
tures but in reverse color for clarity. b) Photocurrent change as a function of temperature under 270 nm UV illumi-
nation. (Reprinted with permission from T. Tsang, A. Bolotnikov, A. Haarahiltunen, and J. Heinonen. Quantum 
efficiency of black silicon photodiodes at VUV wavelengths. Optics Express, 28(9), p. 13299-13309 (2020). Copy-
right 2020 Optical Society of America)
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above 4 eV the EQE reduction is more significant but remains close to 100% except at the vi-
cinity of 6.2 eV, where the EQE drops to ∼85%. The measurement uncertainty of the EQE 
is <3% in NIR/UV range and increases up to ∼8% in the VUV range.

The gradual drop in the spectral EQE with deceasing temperature was separately studied 
using a highly stable UV-LED source emitting 270 nm and the ∼15% EQE drop from room 
temperature to 87°K is unambiguously confirmed (see Figure 16b). Some degradation in EQE 
is expected because the bandgap energy increases with decreasing temperature, which should 
affect the carrier multiplication probability. This phenomenon has been observed to affect the
EQE in conventional silicon photodiodes [81]. Other possible explanations include change in 
reflectance of b-Si, increased absorbance of Al2O3 for ultraviolet light, change in surface recom-
bination velocity or change of recombination in nanostructures at lower temperature. Surface 
recombination is known to have negative temperature coefficient [75] which makes it unlikely 
reason for change in EQE. Field enhanced recombination in induced junction could be stronger 
than in pn-diode due to higher electric field. This effect leads to positive temperature depend-
ency [82], which in principle could partly explain the observed temperature behaviour. It is
also interesting to note that some experimental results suggest that electron-hole pair creation
energy has maximum between 200-250 nm [83], which could explain larger than excepted 
change in EQE at low temperature around 6.2 eV and its spectral dependence.

As has been seen, the b-Si photodiodes are exceptionally sensitive to UV/VUV photons and 
Figure 17 shows how they compare to other calibrated photodiodes designed for VUV detec-
tion. A typical National Institute of Standards and Technology (NIST) calibrated silicon pho-
todiode shown in the figure exhibits a significantly lower EQE in the 2.5 to 6 eV region exceed-
ing 100% only above ∼7.5 eV and appears to increase linearly followed by a distinctive drop 
around 10 eV. On the contrary, the EQE of b-Si photodiode is remarkably high at nearly 100% 
for all photon energies and increases linearly but at a slightly lower rate beyond 4 eV. The pur-
ple curve represents a silicon photomultiplier (SiPM) which is a more sophisticated type of 
photodetector [10]. It is based on avalanche multiplication of the charge carriers occurring 
when the electric field in the depletion region becomes strong enough. This leads to internal 
charge gain of >106. Such a high gain allows detection of signals in the single photon level but 
as can be seen their EQE is rather modest (~40%) meaning that not every photon can be 

Figure 17. Quantum efficiency of b-Si photodiode (red curve) compared to other state-of-the-art photodiodes and 
SiPM. (Reprinted with permission from T. Tsang, A. Bolotnikov, A. Haarahiltunen, and J. Heinonen. Quantum effi-
ciency of black silicon photodiodes at VUV wavelengths. Optics Express, 28(9), p. 13299-13309 (2020). Copyright 
2020 Optical Society of America)
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detected. If integration of b-Si and induced junction into SiPM structure would increase the 
EQE to similar level than shown here, it would be a significant technological leap for SiPMs.  

4.5 NIR responsivity 

NIR spectrum is defined to contain wavelengths between 750 nm – 2500 nm. However, silicon 
is practically transparent to wavelengths longer than 1100 nm which limits its use in NIR ap-
plications. Yet, due to low cost and maturity of the technology, silicon is used for several pur-
poses involving NIR wavelengths. One common application is food quality monitoring using 
NIR spectroscopy [84]. Another rapidly growing application area is 3D mapping with  
LiDAR [7] where eye safety regulations necessitate the use of NIR wavelengths. Optical com-
munication applications operating at NIR wavelengths would also benefit from NIR sensitive 
silicon photodiodes [85]. They would allow integration of detector, electronics and other pho-
tonics components directly into a single silicon chip.  

 Figure 13 shows that the EQE of b-Si photodiodes is exceptionally high at NIR wavelengths 
compared to typical silicon photodiodes. As mentioned in Chapter 2.1, this is due to increased 
effective optical path caused by scattering of the absorbed light in b-Si. This phenomenon was 
studied in more detail in Publication V. 

One way to quantify the effect of increased effective optical path, is an enhancement factor 
defined as  ℎ =  =  1 −1 −  (4) 

 
where  is absorption of light in a single pass through the wafer with thickness ,  is the 
external reflectance of the front surface, and  is the absorption coefficient of light in silicon at 
a given wavelength. Similarly, the effective optical path length  can be solved from  
equation [86] =  1 − = 1 −  (5) 

 
Both of the above equations assume 100% IQE which is a valid assumption based on the EQE 
measurement results. In order to quantify the effects arising from b-Si, also planar induced 
junction photodiodes were fabricated for this experiment. The planar photodiodes were made 
on the same wafer than b-Si photodiodes, so they are identical in every other aspect except the 
active area. Figure 18 shows the enhancement factors as a function of wavelength calculated 
from EQE measured from the b-Si and the corresponding planar photodiodes fabricated on 
675 μm thick wafers. The enhancement factors (and effective optical path lengths)  
are 3.0 (2860 μm) and 2.1 (1620 μm) for b-Si and planar photodiodes at 1100 nm, respectively. 
This suggests that there is significant scattering from b-Si which increases the light absorption 
up to 43% compared to planar photodiode. 
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Further information about the effects of b-Si could be gained if the photons reflected from 
the wafer back surface could be excluded. For this purpose, additional photodiodes were fab-
ricated using special wafers having a 25 μm thick epitaxially grown high-resistivity layer on top 
of extremely low-resistivity bulk silicon. With this type of structure, the carrier diffusion length 
in the low resistivity bulk is drastically shorter and therefore only the photons absorbed within 
the epitaxial layer contribute to the EQE. Consequently, the penetration depth at 
wavelengths ≤1040 nm is short enough (< 450 μm) so that the reflectance from the back sur-
face can be excluded.

Figure 19a shows the effective optical path lengths calculated for b-Si and planar photodi-
odes fabricated on the epitaxial wafers. For comparison, the figure also includes a curve illus-
trating the ideal curve showing the expected path length where 99% of the generated charge 

Figure 18. Enhancement factors as a function of wavelength calculated from EQE of planar and b-Si induced 
junction photodiodes made on identical wafers. (Reprinted with permission from J. Heinonen, A. Haarahiltunen, 
M. D. Serue, V. Vähänissi, T. P. Pasanen, H. Savin, L. Werner, and M. A. Juntunen. High-sensitivity NIR photodi-
odes using black silicon. Proceedings of SPIE Optical components and materials XVII, 11276, p. 60-66 (2020). 
Copyright 2020 SPIE)

Figure 19 a) The effective optical length measured from planar and b-Si photodiodes made on epitaxial wafers 
together with comparison to ideal total absorption depth. b) Comparison of numerical and experimental EQE, 
when diffusion from the carrier below epitaxial layer is taken into account. (Reprinted with permission from J. Hei-
nonen, A. Haarahiltunen, M. D. Serue, V. Vähänissi, T. P. Pasanen, H. Savin, L. Werner, and M. A. Juntunen. 
High-sensitivity NIR photodiodes using black silicon. Proceedings of SPIE Optical components and materials 
XVII, 11276, p. 60-66 (2020). Copyright 2020 SPIE)
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carriers get collected. At short wavelengths, all curves are overlapping, since all light is ab-
sorbed and collected in the epitaxial layer, as expected. However, both measured curves start 
to deviate from the ideal curve when the absorption depth exceeds the epitaxial layer thickness 
of 25 μm. The b-Si effective optical path length saturates to 40-42 μm and planar to 34-35 μm 
before they start to increase again. The saturation point directly indicates the path length after 
which the photodiode collects no charge carriers. 

In an ideal epitaxial wafer, the planar photodiode saturation depth should match the epitaxial 
layer thickness but in reality there is a finite minority carrier diffusion length also from the 
highly doped bulk. The EQE of this type of semi-infinite (i.e., no reflection from back surface 
gets collected) photodiode can be calculated from

= (1 − ) 1 − 1 + (6)
Where is the depletion layer thickness and is the minority carrier diffusion length 
below the depletion layer [75]. Figure 19b shows a comparison of calculated and measured 
EQE for b-Si and planar photodiodes. The calculated curves assume a depletion layer of 25 μm 
(i.e., 100% charge collection from the epitaxial layer) and the diffusion length is obtained by 
fitting Equation 6 to the measured EQE curve. Best fits are obtained when = 10 μm for 
the planar and = 17 μm for the b-Si photodiode. Assuming bulk doping level of
4×1018 cm-3 (~0.01 Ωcm) results in Auger recombination limited diffusion length of about 
10 μm [79,87] which agrees well with the observation from the planar photodiode. The longer 
diffusion length of b-Si indicates that the effective optical path is increased by 7 μm (20%) due 
to scattering. Both path lengths also match the saturation points seen in Figure 19a. Further-
more, an average light propagation angle of 33˚ in b-Si can be estimated using the effective 
optical paths and basic trigonometry [88].  This value is in agreement with the simulation re-
sults in [13]. At wavelengths longer than 1050 nm, the effective optical path length starts to 
increase again as the light reflected from the back surface starts to reach the epitaxial layer.

The EQE was also measured at different incidence angles from b-Si photodiodes made on 
normal and epitaxial wafers. Figure 20 presents the measured EQE at different light beam in-
cidence angles between 0˚ and 60˚. The curves illustrate that the high EQE (i.e., low 

Figure 20. EQE of b-Si photodiodes made on a) epitaxial and b) normal wafers measured at different incidence 
angles between 0˚ and 60˚. (Reprinted with permission from J. Heinonen, A. Haarahiltunen, M. D. Serue, V. 
Vähänissi, T. P. Pasanen, H. Savin, L. Werner, and M. A. Juntunen. High-sensitivity NIR photodiodes using black 
silicon. Proceedings of SPIE Optical components and materials XVII, 11276, p. 60-66 (2020). Copyright 2020 
SPIE)
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reflectance) remains nearly constant even at 60˚ for both wafer types, where EQE > 92% at 
visible wavelengths. Additionally, the results indicate that the difference in EQE is slightly 
smaller at longer wavelengths. Fitting Equation 6 to the curves in Figure 20a, reveals that the 
effective optical path is 1 μm longer at 60˚ incidence angle compared to 0˚. This corresponds 
to a 2˚ change in the average light propagation angle suggesting that the scattering from b-Si 
has only a weak dependency on the incidence angle.  

The presented EQE results at NIR wavelengths indicate that b-Si can increase the effective 
optical path length and therefore also EQE. This effect could benefit especially backside illu-
minated photodiodes where the charge collecting junction is on the opposite side of the sub-
strate than the light entry window. To ensure high collection efficiency, the substrate in these 
types of photodiodes needs to be kept thin and therefore the enhanced optical path length from 
b-Si would be beneficial. For front side illuminated devices, further improvement could be 
achieved by adding b-Si also to the backside. As Yamamoto et al. demonstrated [63], b-Si only 
on the backside already improves NIR responsivity. Although, aluminium on the backside is a 
fairly good mirror, additional scattering from b-Si on the backside could boost the effective 
optical path length even further. Unfortunately, b-Si cannot overcome the fundamental limit 
arising from silicon bandgap. Photons with energy lower than the bandgap will not be absorbed 
and therefore silicon is practically transparent to wavelengths longer than 1100 nm. However, 
recent study [89] has shown that the same RIE etching method can be used to fabricate similar 
nanostructures on germanium  that result into equally low reflectance. Since germanium has 
lower bandgap than silicon, similar combination of black germanium and induced junction 
could be a way to extend the photodiode responsivity range deeper into IR. 
 

4.6 Dark current 

Dark current is another important characteristic of a photodiode. It is defined as the current 
that flows through the diode while in complete darkness and therefore it directly affects the 
noise level of the device. Origin of the dark current can be divided into bulk and surface com-
ponents. The bulk component is caused by generation occurring in the bulk. In the depletion 
region, the current resulting from thermal generation can be described with [75] 

=  (7) 

where  is the elementary charge,  is the intrinsic carrier concentration,  and  are 
the surface area and width of the depletion region and  is the bulk carrier generation life-
time. As can be seen, the depleted volume directly affects the dark current meaning that in-
creasing the surface area or widening the depletion region by lowering the bulk doping con-
centration or by applying bias voltage, will all result into larger dark current. Furthermore, 
long bulk carrier generation lifetime is desired to keep dark current low, meaning that any 
impurities and defects in the bulk should be avoided. Similar dark current component will also 
arise from the non-depleted portion of the substrate due to diffusion. Therefore, using thin 
substrate is beneficial. Analogously, the surface component of dark current can be defined as   =  (8) 
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where is the surface area of the device and is the surface generation velocity [75]. There-
fore, good surface passivation quality is an important factor also in minimizing the dark cur-
rent. Since the generation lifetime and depend strongly on temperature, all the dark current 
components have a strong temperature dependency. This is why photodiodes are often cooled 
down to suppress the dark current but that is not always possible due to technical limitations. 
From the device processing point of view, controlling the dark current is challenging since al-
most every processing step will affect it via surface or bulk generation lifetime. Thus, it is es-
sential to design the fabrication process and tools so that all physical damage and contamina-
tion to the silicon can be minimized.

Dark current of the b-Si induced junction photodiodes is investigated in publication IV. The 
study included devices made on wafers with two different resistivities (>10 kΩ cm and
500 Ω cm - 1000 Ω cm). Both types show similar increase in the dark current as a function of 
bias voltage as expected (Figure 21a). Additionally, the lower resistivity devices (-sM series) 
have more than two orders of magnitude lower currents than the higher resistivity 
version (-sH series). Nevertheless, cryogenic cooling to 87°K significantly lowers the dark cur-
rent by four orders of magnitude on both types. The higher bulk doping in the -sM series show 
a distinctively lower dark current, dropping to the instrument current measurement limit 
of ∼50 fA below 225 °K. The temperature dependence of the dark current at 0 V and 0.1 V bias 
was measured as the b-Si photodiode was slowly warmed up from 87°K to room temperature 
in vacuum at a rate of ∼0.8°K/min (see Figure 21b). The dark current increases at the rate 
of ∼1 decade/20°K on all series of the b-Si photodiodes. The slope of the Arrhenius plot,
log(I) vs. 1/kTa , shown in the inset of Figure 21b, suggests an activation energy of ∼1 eV across 
all series of b-Si photodiodes which is similar to values reported for conventional 
photodiodes [90].

4.7 Radiation hardness

As mentioned in Chapter 1, one concern for a new type of photodiode is its durability in hostile 
environments containing high-energy radiation. The hardness and damage mechanisms in 
conventional photodiodes are well known and studied [91,92]. Displacement damage (DD), 

Figure 21. a) Increase of dark current with bias voltage at room and cryogenic temperatures and b) the tempera-
ture dependence of dark current at 0 V and -0.1 V bias for the b-Si photodiodes made on wafers with resistivity of 
>10 kΩ cm (-sH series) and 500 Ω cm - 1000 Ω cm (-sM series), respectively. (Reprinted with permission from T.
Tsang, A. Bolotnikov, A. Haarahiltunen, and J. Heinonen. Quantum efficiency of black silicon photodiodes at VUV 
wavelengths. Optics Express, 28(9), p. 13299-13309 (2020). Copyright 2020 Optical Society of America)
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described with non-ionization energy loss (NIEL) is known to increase the dark current and 
decrease the minority charge carrier lifetime of photodiodes and solar cells [91–93]. Another 
damage mechanism is charging of the surface dielectric caused by ionizing radiation [20] 
which is commonly quantified with a parameter called total ionization dose (TID). Since junc-
tion formation in induced junction photodiodes relies completely on the charged dielectric, 
TID could in the worst case even destroy the junction, rendering the device unusable. 

The radiation hardness of b-Si photodiodes against non-ionizing (protons) and ionizing ra-
diation (electrons) is studied in Publication VI. The target was to study conditions typical to a 
space mission.  The galactic cosmic rays, solar protons (and other ions) from flares and geo-
magnetically trapped energetic particles contribute to space environment around earth [94]. 
The trapped energetic particles are mainly electrons and protons [94], which can cause yearly 
total dose up to 1 × 105 krad/year depending on spacecraft position in orbit and instrument 
shielding [95]. Typical mission total dose level is 10–100 krad [96] and yearly dose is  
3–10 krad/year [97]. Therefore, the photodiodes were irradiated with 12 MeV electron beam 
for TID and 11 MeV proton beam for DD (5 krad(Si)) while monitoring the changes occurring 
in EQE and dark current. The results from b-Si induced junction photodiodes are compared to 
conventional pn-junction photodiodes and to planar induced junction photodiodes to investi-
gate if b-Si or the induced junction affects the radiation hardness.  

According to the NIEL hypothesis, dark current increases linearly with NIEL [91]:  Δ = φ (9) 
 

where   is the damage factor of the material, φ  is the equivalent fluence for 1 MeV neutrons 
calculated using the hardness factor for the material (3.87 was used for protons and 5.27 × 10−2 
for electrons [98]). The sensitive volume  includes the diode area with the guard ring struc-
ture and the depletion region depth calculated assuming a bulk doping of 8.5 × 10−11 cm−3. The 
damage factor is fit to the measurement results to enable comparison to previously published 
values. The damage factor in Equation 9 is also related to the generation current damage factor  

, proposed in [99], via the following equation: =  (10) 

where  is the number of carriers thermally generated per unit volume per unit time in a 
depletion region per unit of non-ionizing dose deposited within that volume,  is the hardness 
factor,  is the elementary charge and  is the absorbed displacement dose per incident par-
ticle. 

The measurements were done at 25 ◦C but the damage factor is usually normalized to 20 ◦C, 
as proposed in [99]. The temperature dependency of the dark current was measured prior to 
the tests to be ∼exp(0.7 ± 0.1 eV/kTa) and therefore the results were divided by 1.65 to account 
for the test temperature. 

The change in the dark current during proton irradiation is presented in Figure 22a for all 
the photodiode types as a function of the proton fluence. The used bias voltage was 150 V, i.e., 
near full depletion. The results show that the dark current increases linearly with proton flu-
ence, as expected from the NIEL hypothesis. The corresponding damage factor d is  
(7.3 ± 0.8) × 10−17 A/cm when calculated from the slope of the fitted line using the previously 
mentioned proton hardness factor . The slope was fitted using method described by York et 
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al. [100], which directly gives an uncertainty estimation for the slope when 10% error for flu-
ence and standard deviation of the measured current are used for x- and y-error, respectively.
Basic partial derivative method [101] was used in order to get the shown estimation of total 
uncertainty. In that calculation, the volume error was assumed to be 5% due to thickness vari-
ation of the wafer and error of hardness factor was assumed to be 10%, which might be a con-
servative estimation [102].

After temperature correction and taking into account the uncertainty of dark current tem-
perature dependency, damage factor of (4.4 ± 0.8) × 10−17 A/cm is achieved, which is in good 
agreement with the previously published value of 4.0 × 10−17 A/cm [91]. However, there was 
no pre-annealing of 80 min at 60 ◦C or 10 min at 80 ◦C, which is proposed by
Lindström [92]. Thus, there is also a systematic overestimation in the damage factor. 
Correspondingly, the is (1.1 ± 0.3) × 105 carriers ⋅ cm−3 ⋅ s−1 ⋅ g/MeV when calculating using

= 9.4 × 10−3 MeV ⋅ cm2/g for protons [103]. This matches rather well with the value of 
1.9 × 10−5 carriers ⋅ cm−3 s−1 g /MeV reported in [99]. Furthermore, the and d values are 
similar in all of the three different photodiode types implying that the observed dark current 
behaviour is predominantly a bulk effect at high bias voltages and independent on the active 
area surface treatment.

The change in the dark current after electron irradiation behaves differently depending on 
the biasing condition of the photodiodes during the irradiation. This is illustrated in 
Figure 22b. The photodiodes that were biased during irradiation yield dark currents that are 
almost independent on the voltage when measured within 1 h after each irradiation step. On 
the other hand, photodiodes that were not biased during irradiation, have a clear voltage-de-
pendency in the dark current change as was also observed with the proton irradiation. Further-
more, the dark current change is larger than in the biased photodiodes. A few days after the 
irradiation, the biased photodiodes exhibited a voltage dependent dark current. Also, the dif-
ference between biased and not biased photodiodes had diminished completely. The exact 

Figure 22. a) Average change of dark current in different photodiode types after a) proton and b) electron irradia-
tion. bSi-ij, ij and pn stand for black silicon induced junction, planar induced junction and planar pn-junction, re-
spectively. The vertical error bars indicate the standard deviation between tested photodiodes and horizontal error 
bars show the 10% uncertainty in proton fluence. The dashed line is a linear fit to the data points used to deter-
mine the damage factor. (Reprinted with permission from J. Heinonen, C. Modanese, A. Haarahiltunen, H. Kettu-
nen, M. Rossi, J. Jaatinen, and M. A. Juntunen. Results on radiation hardness of black silicon induced junction 
photodetectors from proton and electron radiation. Nuclear instruments and methods in physics research section 
A: accelerators, spectrometers, detectors and associated equipment, 977, 164294 (2020). Copyright 2020 Else-
vier B.V.)
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reason for this transient behaviour is not yet determined, but similar behaviour in all device
types indicates that it is most likely related to oxide charging occurring outside the active area.

Using the electron hardness factor and correcting for the temperature, 
a damage factor of (1.3 ± 0.3) × 10−17 A/cm is obtained for all photodiode
types by fitting a line to the values obtained from unbiased photodiodes (see Figure 22b). The 
error in the change of dark current and dose error were assumed to be same 
as in case of proton irradiation both in uncertainty analysis and in Figure 22b. 
The resulting damage factor is clearly lower than previously published [91]. The 
difference can be explained by the relatively low energy of the irradiating 
electrons and the quadric dependence of the displacement damage on the total 
NIEL dose in the low energy range [99]. The corresponding is 
(4.4 ± 0.8) × 104 charge carriers ⋅ cm−3 s−1 g/MeV using = 9.6 × 10−5 MeV ⋅cm2/g for 
electrons [103], whereas = 1.5 × 104 charge carriers cm−3 s−1 g/MeV was determined in [99]
for 1.5 MeV electrons.

The EQE spectra before and after proton irradiation are reported in Figure 23 for the differ-
ent types of photodiodes. In order to identify and quantify the damage mechanisms, PC-1D 
simulator was used to model the EQE. Hence, the simulated curves are also shown in
Figure 23. The radiation damage was modelled by setting the bulk recombination lifetime to 

Figure 23. Average EQE with error bars for standard deviations of a) b-Si induced junction, b) planar induced 
junction and c) planar pn-junction photodiodes after 1 × 1010 protons/cm2. For clarity, error bars are plotted only 
for every fifth measurement point. (Reprinted with permission from J. Heinonen, C. Modanese, A. Haarahiltunen, 
H. Kettunen, M. Rossi, J. Jaatinen, and M. A. Juntunen. Results on radiation hardness of black silicon induced 
junction photodetectors from proton and electron radiation. Nuclear instruments and methods in physics research 
section A: accelerators, spectrometers, detectors and associated equipment, 977, 164294 (2020). Copyright 2020 
Elsevier B.V.)
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20 μs while keeping other parameters the same than in the before irradiation 
simulation (1 ms). The lifetime value was selected so that the wavelength where EQE start to 
decrease matches with the measurements. The recombination lifetime of 19 μs can also be cal-
culated using the damage factor of 10 MeV protons for recombination lifetime from [104]. The 
EQE measurements show that the irradiation does not affect the responsivity in the UV region, 
whereas the reduction of the carrier recombination lifetime due to the bulk damage leads to 
losses only at wavelengths > 900 nm. 

The EQE spectra before and after electron irradiation are reported in Figure 24 for the dif-
ferent types of photodiodes, irradiated under 100 V reverse bias conditions. Both measured 
and simulated values are reported. 20 μs bulk lifetime after full irradiation was also used in 
these simulations as the stable dark current levels after proton and electron irradiations were 
similar, indicating roughly the same amount of intrinsic defect generation from irradiation in 
both cases. The b-Si and planar induced junction photodiodes have a similar trend compared 
to the proton irradiation, i.e., no change in the UV and decrease at wavelengths > 900 nm due 
to the reduction of the carrier bulk lifetime. On the contrary, the pn-junction photodiodes show 

Figure 24. Average EQE with standard deviations of a) b-Si induced junction, b) planar induced junction and c) 
planar pn-junction photodiodes after full electron irradiation with and without 100 V reverse bias during irradiation. 
Measurements were done 1 day and 7 days after the irradiation for the photodiodes with and without bias, respec-
tively. For clarity, error bars are plotted only for every fifth measurement point. (Reprinted with permission from J. 
Heinonen, C. Modanese, A. Haarahiltunen, H. Kettunen, M. Rossi, J. Jaatinen, and M. A. Juntunen. Results on 
radiation hardness of black silicon induced junction photodetectors from proton and electron radiation. Nuclear 
instruments and methods in physics research section A: accelerators, spectrometers, detectors and associated 
equipment, 977, 164294 (2020). Copyright 2020 Elsevier B.V.)
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a significant drop in EQE after electron irradiation for wavelengths up to 600 nm (see  
Figure 24c). An excellent agreement between the measured spectra and the simulated ones 
occurs when the front surface recombination velocity is set to 1 × 107 cm/s, which is the maxi-
mum surface recombination velocity at room temperature.  

In b-Si photodiodes, the UV spectral responsivity behaves similarly whether or not they were 
biased during irradiation. On the contrary, the pn-junction photodiodes without biasing ex-
hibit no degradation in the UV response indicating that this effect has a bias dependency. TID 
test using either Cobalt 60 as source for gamma rays or electron beam is usually considered to 
cause charging of the dielectric as the main effect, which causes flatband voltage shift and in-
crease in dark current [105]. In silicon photodiodes, the TID related charging of the dielectric 
induces surface leakage current [20]. The charging can also affect the charge collection near 
the surface which is seen as decreased EQE in the UV region. This effect is clear in the SiO2 
passivated pn-junction photodiodes, when irradiated under 100 V reverse bias. Although the 
TID effect is known to depend on the bias voltage [105], it is still surprising here as the bias 
voltage should in principle not change the electric field in either the SiO2 or the Al2O3, as they 
could consequently modulate the trapping of holes [20,105]. However, the effect is clearly ob-
served, and the results indicate that Al2O3 is much more tolerant towards charging, which in 
turn might be due to its large negative initial charge [47,58], as opposed to a relatively low 
positive charge typically present in SiO2. There are also some results indicating that the nega-
tive fixed charge of Al2O3 might actually increase in the gamma ray irradiation [106]. To see if 
this also applies to electron irradiation, a separate sample for measuring the Al2O3 charge den-
sity could be included in future experiments. Onoda et al. reported the degradation of NIR and 
UV response in a commercial photodiode after irradiation with 1 MeV electrons and  
fluence > 1.3 × 1014 cm−2, while the photodiode was grounded during irradiation [107]. Thus, 
it is expected that without biasing the degradation in the UV region would occur also in all the 
tested photodiodes with a larger irradiation dose. 
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5. Conclusions 

Despite decades of research and development, the basic building blocks of silicon photodiodes 
have remained the same, setting fundamental limits on the achievable performance. The typi-
cally used AR coatings can be optimized only for a single wavelength and incidence angle at a 
time while significant optical losses occur at others. Another optical limitation is set by the 
silicon material that results into long absorption depth of NIR photons. Therefore, a thick sub-
strate is needed for efficient NIR detection. The typical way of forming the pn-junction by dop-
ing can also limit the photodiode performance. The doped area causes electrical losses through 
recombination which limits especially detection of UV photons that are absorbed in the doped 
region.  

This thesis set out to investigate whether the aforementioned limitations could be avoided 
with recent technological discoveries made in the photovoltaics research. A new photodiode 
concept was introduced that combines b-Si and induced junction. b-Si was used to replace the 
AR layer and it was shown to absorb >98% of photons with wavelengths between  
200 nm – 1000 nm. This performance was maintained also at incidence angles other than 
perpendicular, showing significant differences only at a 70˚ or larger angle. Conformal ALD 
Al2O3 thin film was used to minimize the surface recombination and its fixed negative charge 
was used to generate an induced junction for photogenerated charge carrier collection. Silvaco 
Atlas simulations were used to demonstrate that the typical charge density is high enough to 
generate an induced junction in n-type silicon as long as the substrate doping concentration is 
1×1018 cm-3 or lower. Additionally, the resulting electric field was found to flatten 400 nm be-
low the b-Si needles with dopant concentrations lower than 1×1017 cm-3 and the inversion re-
gion reaches this depth with <6×1013 cm-3 dopant concentration which ensures current paths 
similar to a planar surface. The effective charge density enhancement factor caused by the b-
Si structure was found to be approximately nine, suggesting that the factor is not directly pro-
portional to the increase in surface area.   

Basic electrical measurements performed for the manufactured devices revealed that the 
charge in ALD Al2O3 is indeed high enough also in practice to form an induced junction in high 
resistivity n-type silicon. Standard I-V measurements showed that the devices exhibit clear di-
ode-like behaviour in the dark as well as under light illumination, confirming that the device 
is a photodiode. The responsivity of the photodiodes was found to be very close to ideal at 
wavelengths between 200 nm – 1100 nm, reaching even >99% EQE at visible wavelengths. 
Other state-of-the-art photodiodes can achieve comparable performance in a narrow band of 
wavelengths but are significantly worse at others.  

The lack of dopants in induced junction was seen to be especially beneficial in UV portion of 
the EQE spectrum. Elimination of Auger recombination resulted into EQE of >100% without 
external amplification. The mechanisms behind this observation were investigated through  
i) numerical simulations of the electric field and electrostatic potential in the nanostructure, 
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ii) comparison of IQE to the corresponding planar photodiode, iii) analysis of features in the 
IQE spectra, and iv) simulations of IQE in the b-Si photodiode. All the results consistently 
showed that the high performance is based on effective utilization of multiple carrier genera-
tion by impact ionization, taking place in the nanostructures. Certified measurements made by 
PTB showed that EQE reaches 132% at 200 nm wavelength and a second study made in BNL 
revealed that EQE keeps rising approximately linearly as a function of photon energy at wave-
lengths below 200 nm. These values are significantly higher than in current state-of-the-art 
UV photodiodes that often remain far below 100% EQE. Therefore, the b-Si induced junction 
photodiodes have the potential to revolutionize VUV and UV detection applications. One at-
tractive application is the search of dark matter where VUV emitting liquid scintillators are 
used. The light level in these experiments is extremely low, even on single photon level, so 
extremely high sensitivity is needed. Unfortunately, the signal to noise ratio in simple photo-
diodes are usually not high enough for single photon detection which is why these experiments 
are typically utilizing avalanche photodiodes or silicon photomultipliers that have internal 
gain. Integrating b-Si and induced junction in these devices could result into significant per-
formance boost in single photon detection and could even be the missing key in finding evi-
dence of dark matter. 

The longer optical path length caused by b-Si light scattering was seen as exceptionally high 
EQE at NIR wavelengths (84% at 1060 nm). Further investigations revealed that compared to 
identical photodiodes with planar surface, b-Si increased the effective optical path length by 
up to 43%. Photodiodes made using special wafers having only a thin epitaxial active layer 
demonstrated that the effective light propagation angle due to scattering is 33˚ when the light 
is perpendicular to the surface. Repeating the measurements with different incidence angles 
confirmed that the EQE remains approximately the same up to an angle of 60˚ and that the 
scattering effect has only a weak angle-dependency. The demonstrated longer optical path 
length could be especially beneficial in backside illuminated photodiodes where thin substrates 
are essential. Although b-Si was shown to enhance NIR responsivity, it cannot overcome the 
steep drop occurring at the cut-off wavelength (~1100 nm) dictated by the silicon bandgap. To 
extend the responsivity deeper into IR, another material with lower bandgap, such as germa-
nium, is needed. It should be relatively straightforward to implement similar concept combin-
ing nanostructures and induced junction for other materials as well which could be the next 
step in expanding the responsivity range. 

The photodiode dark current characteristics were measured with different substrate resistiv-
ities and as a function of bias voltage and temperature. As expected, the high resistivity sub-
strate resulted in higher dark current than the lower resistivity substrate. The high resistivity 
substrate resulted in dark current of ~2.3 nA/cm2 with 10 mV reverse bias at room temperature 
while the lower resistivity photodiodes had two orders of magnitude lower dark current. Both 
values are comparable to other state-of-the-art photodiodes made on similar substrates. Cool-
ing down the components decreased the dark current approximately at the rate of  
1 decade per 20˚K corresponding to activation energy of ~1 eV which is also in line with other 
photodiodes made of silicon. These results suggest that the addition of b-Si and induced junc-
tion does not affect the dark current behavior and hence the improvements seen in responsivity 
should be directly translated into higher signal-to-noise ratio. 

Finally, the radiation hardness of the photodiodes was studied. The b-Si induced junction 
photodiodes, together with identical devices having planar surface and induced or doped  
pn-junction, were irradiated with proton and electron beams while their dark current and EQE 
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were monitored. Both proton and electron irradiation resulted in dark current increasing lin-
early as a function of radiation dose in all types of photodiodes. NIR EQE (>870 nm) was also 
observed to decrease in all device types after both electron and proton irradiation due to bulk 
radiation damage, leading to reduction in minority carrier lifetime. Additionally, the UV EQE 
of conventional pn-junction photodiodes decreased significantly when irradiated with elec-
trons while 100 V bias voltage was applied during the irradiation. Similar effect was not seen 
in the induced junction photodiodes which is most likely due to a larger impact of charging in 
SiO2 than in Al2O3. This suggests that the combination of b-Si and induced junction has im-
proved radiation hardness against electron irradiation, making it a promising new technology 
for applications where photodiodes need to operate in an environment containing harmful ra-
diation. In addition to enhanced sensitivity, better durability and increased operation lifetime 
can be achieved. 
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