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ABSTRACT   

Black silicon induced junction photodiodes have been shown to have nearly ideal responsivity across a wide range of 
wavelengths. Another important characteristic of a high-quality photodiode is rise time which can be used to approximate 
bandwidth of the photodiode. We show experimentally that the rise time of black silicon photodiodes is shorter than in 
planar photodiodes when alumina layer with similar charge is used to make an induced junction in both. Additionally, we 
show that the rise time can be rather well approximated using an analytical equation, which combines Elmore delay from 
equivalent circuit with standard RC-delay arising from series and load resistances. 
 
Keywords: Black silicon, rise time, sheet resistance, silicon, photodiode 
 

1. INTRODUCTION  

Shallow junction can improve the responsivity of silicon photodiodes especially in ultraviolet light detection as short 
wavelength light is absorbed near silicon surface. Unfortunately,  shallow anode junction often leads also to higher 
anode sheet resistance, which is known to increase the photodiode rise time [1]–[3]. One approach to make a shallow 
junction is to use surface charges to form anode contact by induced junction. This way, the recombination caused by 
physical dopants is minimized [2], but at the same time it might further increase the anode sheet resistance. It has been 
shown that silicon photodiodes having nanostructured front surface (i.e. black silicon) fabricated with reactive ion 
etching (RIE) and shallow induced junction formed by negative charge have almost perfect light response in a wide 
wavelength region from 200 nm to 1000 nm [4], [5], but rise time results of these photodiodes have not been reported. 

In conventional photodiodes, the anode sheet resistance is typically rather low which is why the standard RC-models 
used in circuit simulations usually do not take into account its effect to rise time.  A Spice model has been proposed 
in [1,3], which can be used for analyzing the effect of anode sheet resistance to rise time. However, not much 
comparison between simulations and experiments have been shown. The advantage of Spice model is that it can be 
directly used in circuit simulations when response time of the circuit is important. It would still be helpful to have an 
even simpler analytical approximation for first estimation of the response time, which would include a component 
arising from the anode sheet resistance. 

In this paper, we compare rise time from circuit simulations to experimental results obtained from planar doped 
junction, black silicon induced junction and planar induced junction photodiodes. We also present a general 
approximation for rise time that includes effects form anode sheet resistance based on Elmore delay calculations and 
validate the approximation against simulations. Finally, we show that with small corrections, the approximation can 
be used to estimate the rise time of black silicon photodiodes with various sizes.   

  

 

2. EXPERIMENTAL 

2.1 Processing of devices  

The photodiodes were fabricated by ElFys, Inc., using similar process than the one described in detail in [4] and therefore 
only the major steps are outlined here. The processing was done on 380 μm thick n-type single side polished (SSP) 
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Czochralski (CZ) wafers with 500-800 Ωcm resistivity. The bulk minority-carrier lifetime in these CZ wafers is >1 ms. 
Black silicon (b-Si) was etched using inductively coupled plasma reactive ion etching (ICP-RIE) at cryogenic temperature. 
The b-Si was then passivated using 20 nm thick atomic layer deposited (ALD) alumina (Al2O3). Another purpose for the 
alumina layer was to use its negative fixed charge to generate an induced junction. Similarly, alumina was deposited on 
photodiodes without b-Si to form planar induced junction photodiodes. In some planar photodiodes, boron implantation 
was used for junction formation and alumina was used only for surface passivation of the implanted area. The active area 
of the photodiodes was 5 mm x 5 mm square and all types of photodiodes were fabricated on the same wafer, which 
minimizes the effect of bulk doping variation to the results. Ohmic contact to the induced junction was realized by a boron-
implanted area with aluminum metallization on top. Similarly, aluminum-covered phosphorus implantation was used to 
create the ohmic n-type cathode contact on the backside. The sheet resistances of the active areas were measured from 
transfer length method (TLM) test structures placed on the same wafer. The obtained sheet resistances were approximately 
30 kΩ/□, 9 kΩ/□ and 200 Ω/□ for planar induced junction, black silicon induced junction and boron-implanted planar 
junction, respectively. 

2.2 Measurements 

A schematic of the setup used to measure the rise time is shown in figure 1. Laser diodes with different wavelengths were 
used as a light source and they were all pulsed using Texas Instruments hex-inverter SN74F04N ring oscillators as proposed 
in [6]. The oscillator frequency was 800 Hz. Red (Laser components, ADL-65055TL, 655 nm) and near-infrared laser 
diodes (Laser Components, LCU985041A, 980nm) were driven directly by the ring oscillator. An additional driver circuit 
was used with blue laser diode (US-Lasers Inc, D405-20, 405nm), because the forward voltage during operation is higher 
than 5 V. The driver circuit was built around Central Semiconductor Corp 2N918 RF transistor  as presented in [6]. The 
power of the laser diodes was tuned with 100 Ω variable resistors and with an adjustable mehanical iris. PicoScope 3206D 
- PP961 200 Mhz oscilloscope was used to measure the voltage over a 50 Ω load resistor. The setup was tested using a fast 
photodiode (Vishay BPV10, 1.5 ns rise time at 12 V) and the resulting rise times with blue and red laser diodes were 10 
ns. With the near-infrared laser diode, the rise time was several µs. The rise time was defined as the time difference between 
10% and 90% signal levels. 

 

  

Figure 1. A schematic of the rise time measurement setup. Blue (405nm), red (655nm) and near infrared (980nm) laser 
diodes were used as a light source. Red and near-infrared laser diodes were driven directly by a ring oscillator and a separate 
driver circuit was used for the blue laser diode.  
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3. EQUIVALENT CIRCUIT MODELING OF RISE TIME 

 
A circular photodiode with high sheet resistance layer can be modeled with an equivalent circuit shown in figure 2 [1], 
where resistance between diodes is 
 

 𝑅 = ln ( )       (1) 

 
Rsh is the sheet resistance and rn is the radius of nth segment from the center. Each diode (D1…Dn) in figure 2b corresponds 
to one circular segment and each can be represented with a unit diode model (per mm2). The unit diode model is obtained 
from current-voltage (IV) and capacitance-voltage (CV) measurements of large photodiodes by fitting the results to the 
Spice standard diode model. The standard diode model can be approximated with only the depletion layer capacitance at 
fixed voltage level as done in [1], but using full unit diode model takes also into account the change in capacitance when 
voltage at node n varies. This is especially important for higher currents and higher sheet resistances as voltage of a node 
might vary significantly which affects capacitance and rise time. Additionally, the linear region of the photodiode can be 
directly simulated when full unit diode model is used instead of just capacitance at reverse bias.  

The delay of an RC-tree can be calculated by using Elmore delay approximation [7], [8], which gives the delay between 
node 1 and output node n as 
 

𝑇𝐷 = ∑ 𝑅 𝐶 = 𝑅 𝐶 + (𝑅 + 𝑅 )𝐶 … + (𝑅 + 𝑅 … + 𝑅 )𝐶   (2) 
 
where Cn is the depletion layer capacitance of node n. The equivalent circuit in Figure 2b includes a current source but in 
the Elmore delay derivation, a voltage source is assumed instead. An approximation for the delay when current source is 
used has been proposed in refs [9], [10] in case of general RC-tree. However, this approach turned out to be difficult to 
use in this case. Instead, during the simulations, it was noticed that the simple form in Eq 2 gives a good approximation 
for the rise time when a rather small illumination spot is used on the center of the photodiode.   

 

Figure 2. a) Schematic illustrating how circular photodiode active area can be divided into n parallel diodes each 
corresponding to a segment of the total area. b) Equivalent circuit of a circular photodiode, which takes into account the 
effect of sheet resistance according to ref. [1]. The illumination is applied to the center of the photodiode in this example and 
it is illustrated with current source I1. Simulating the photodiode while the illumination covers the entire photodiode active 
area requires additional current sources for D2…Dn. 
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4. RESULTS  

 
4.1 Comparison of circuit simulations against Elmore delay approximation 

 

The delays calculated by Eq 2 were compared to simulations done by LTSpice XVII from Analog Devices. The 
purpose of the simulations was to check 1) the correlation between Eq 2 and the simulated rise time without load 
resistance and 2) how the load resistance could be summed to the sheet resistance effect. The total number of used 
circuit elements was n = 20. The total surface area of 25 mm2 was divided into the circuit elements so that each 
element had equal surface area. The delay time can then be calculated using Eq 1 for resistance calculation and 
inserting that to Eq 2. Since Cn= Cd/n, this then yields  

𝑇𝐷 =
.

    (3) 

where Cd is the total diode capacitance (70 pF at 10 V). Figure 3 shows the simulation results when load and bulk 
resistances are both set to 1 Ω. The rise times resulting from Eq 3 are also included for comparison. The 
simulations are done by assuming a small illumination spot in the center of the photodiode, i.e., only one current 
source is added to the edge of the RC-ladder (see figure 2b). The total current was assumed to be 60 µA. The 
current source was simulated as a long pulse (steady state was reached) with 2 ns rise and fall times. From the 
comparison, we can conclude that the approximation in Eq 3 overestimates the rise time by approximately 28 % 
at higher sheet resistances. 

 

Figure 3. Comparison of simulated results with Eq 3approximation when load and bulk resistance are set to one. 
Approximation overestimates the rise time by about 28 %. 

Figure 4 shows simulation results, when the total load resistance (=Rload + Rbulk) is varied. During the simulations, 
it was noticed that the total rise time can be calculated by adding 2.2*Cd (Rbulk+Rload) to the rise time simulated 
without a load, which makes sense because when sheet resistance approaches zero, the standard rise time 
approximation should be valid. Therefore, the approximation in Eq 3 can be re-written as 

𝑇 =
.

+ 2.2𝐶 (𝑅 + 𝑅 ) (4) 
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Figure 4. Comparison of simulated results with approximation from Eq 4 when the total load resistance is varied and sheet 
resistance is 9 kΩ. Note that the circle and square symbols are overlapping. 

 

 

4.2 Comparison of circuit simulations to experimental results 

 

The rise time of a photodiode includes also other components than just the ones arising from resistance and capacitance, 
namely drift time in the depletion layer, diffusion time from outside the depletion layer and dielectric relaxation time [11]. 
In the case of blue and red laser diodes, the resistive components dominate the rise time whereas the diffusion dominates 
when near-infrared laser diode is used [11], [12]. The measured rise and fall times with 980 nm laser diode were around 
40 µs in all measured devices, which confirms that diffusion is limiting response time in this case. The photodiodes we 
used in the measurements have a square shaped active area instead of circular shape assumed in the simulations. We can 
estimate that maximum difference or error due to geometry should be approximately 10 % by comparing analytical steady 
state solutions for effective anode resistance between circular and square geometry [13]. The measurements were done at 
10 V reverse bias and the measured total capacitance of all devices was 70 pF with this bias. 
 
The previous simulation results indicated that there should be only a modest difference in rise time between small and 
large illumination spot in case of relatively small photocurrent. However, in the experimental setup, the total photocurrent 
is in the range of 1 mA, which means that the effective reverse bias in the center of the photodiode (and hence the 
capacitance) will change, which will cause larger dependency on the spot size. This was verified by measuring the planar 
boron-implanted (Figure 5a) and induced junction (Figure 5b) photodiodes with red laser using a small focused spot in the 
center and a large spot covering the whole photodiode. Figures 5a and 5b clearly show that spot size does not have an 
effect in the boron-implanted junction (0.2 kΩ/□), but there is a clear difference in the rise times in case of induced junction 
(30 kΩ/□). Rise time from boron-implanted junction is around 20 ns, which is in good agreement with 22 ns calculated 
from Eq 4 with the total load resistance of 125 Ω (Rbulk = 75 Ω and Rload = 50 Ω). The bulk resistance was calculated from 
the wafer bulk resistivity.  
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Figure 5. Rise time measurement results from a) planar boron doped pn-junction and b) planar induced junction photodiodes 
with red laser diode when light is focused on a small spot in the center (grey line) or on a large spot covering the whole 
photodiode (black line). 

 

All rise time measurement results from different device types are collected as a function of sheet resistance in Figure 6. 
From experimental and simulation results, it is clear that the rise time difference between small and large illumination spot 
increases when sheet resistance increases. The difference between small and large illumination spot also increases when 
intensity (photocurrent) increases since reduced voltage over unit photodiode increases capacitance and makes the 
photodiode slower. This effect is most clearly seen in the planar induced junction device, where sheet resistance is around 
30 kΩ/□. In simulations with total current of 0.84 mA, the rise time with small spot illumination was 60% longer (20 % 
with 60 µA total current) and in the measurements the difference was 33-63%, when current was around 0.3 mA 

 

 
Figure 6. Rise time measurement results collected from different photodiode types as a function of sheet resistance,  
0.2 kΩ/□ = planar doped junction; 9 kΩ/□  = b-Si induced junction and 30 kΩ/□  = planar induced junction. The measurements 
were done with blue laser diode (large spot size, square symbol) and with red laser diode (small spot, diamond symbol and 
large spot, triangle symbol). Simulations with center (dashed line) and total (dotted line) illumination with total current of  
0.84 mA are also shown together with the approximation form Eq 4 (solid line). Based on the 0.2 kΩ/□ photodiode 
measurement results, total Rload = 125 Ω was assumed (50 Ω from external load resistor and 75 Ω from non-depleted bulk of 
photodiode). 
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4.3 Rise time of black silicon photodiodes as function of total capacitance 

 

In order to validate and improve the approximation in Eq 4 for rise time, we compared it to the rise times measured with 
red laser diode from the full ElFys PDsM series of black silicon photodiodes that have different surface areas. The results 
together with Eq 4 are shown in Figure 7. It shows that Eq 4 overestimates the rise time similarly than suggested by the 
first simulations in Figure 3. Reducing the coefficient 1.1345 by 28% as suggested by the first simulations results into 
approximation that better fits the measured values. Therefore, the corrected approximation can be written as 

 

𝑇 =
.

+ 2.2𝐶 (𝑅 +
 Ω/

)   (5) 

where Achip is the total chip surface area. 

 

Figure 7. Rise time measurement results collected from PDsM series black silicon photodiodes with different sizes as a 
function of total photodiode capacitance. Each photodiode was measured with 5 V and 10 V reverse bias voltage. The 
measurements were performed using red laser diode with medium spot size. In approximation 2 (Eq 5, dashed line), the rise 
time component arising from the sheet resistance is reduced by 28% because the first simulations indicated overestimation in 
approximation 1 (Eq 4, solid line). 

 

5. DISCUSSIONS 

 
The measurements show that the rise time of photodiodes having black silicon is shorter than in their counterparts having 
planar surface when the same alumina layer with similar negative charge is used in both device types for implementing 
the induced junction. This can be explained by lower sheet resistance of black silicon photodiodes arising from the 3-D 
distribution of the charge [14], [15], which indicates that beside reflection reduction, the black silicon nanostructure 
improves also the dynamic properties of the photodiode. 

The rise time variation as function of beam position in photodiode might cause distortions to the signal or it could make it 
more difficult to distinguish the true signal form. In our measurements, the difference between center and total illumination 
of photodiode is clearly seen only in planar induced junction device, where sheet resistance is around 30 kΩ/□. In the case 
of black silicon induced junction, the sheet resistance is 9 kΩ/□ and the difference between center and total illumination 
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of photodiode is almost negligible. This is in agreement with the conclusions in refs [1] and [3], where they studied 
photodiodes with 10 kΩ sheet resistance. 

In reference [1], a photodiode with 10 kΩ/□ sheet resistance and 100 pF total capacitance was measured. A time constant 
of 98 ns was determined for falling part of the signal. Using the first part from Eq 5, we can calculate 130 ns rise time for 
this kind of photodiode, which is in reasonable agreement with the experimental result. Therefore, we propose that Eq 5 
can be generally used to estimate the effect of resistive component to the photodiode rise time. 

We also measured the fall times from the different photodiode types. Generally, they were quite similar to rise times with 
couple of exceptions. With red laser diode, b-Si photodiode has longer fall than rise time, which might be partially 
explained by red light pulse peaking in the beginning of the pulse. The planar induced junction has shorter fall time with 
red laser diode and difference was larger when illumination was done with a small spot. Similarly, in simulations it was 
noted that the fall time tends to be shorter than rise time and this effect increases when both sheet resistance and total 
current (light intensity) increases or spot size decreases.  

 

 

6. CONCLUSIONS 

We have shown that the rise time of photodiodes having black silicon is shorter than their counterparts having planar 
surface when alumina layer with similar negative charge is used in both device types for implementing the induced 
junction. This can be explained by lower sheet resistance of black silicon photodiodes arising from the 3-D distribution 
of the charge. Consequently, our results prove that the rise time of black silicon photodiodes is sufficient in majority of 
applications (~100 ns @ 100pF capacitance) and the 3-D structuring of the surface improves the rise time in induced 
junction photodiodes in addition to reducing the reflection losses. Additionally, we have shown that the measured rise 
time can be accurately simulated using an equivalent circuit model which takes into account the sheet resistance of the 
photodiode anode junction. We also developed an analytical approximation by combining the Elmore delay from the 
equivalent circuit with standard RC-delay arising from the series and load resistances.  
 
 

ACKNOWLEDGMENTS 
 

We acknowledge the provision of facilities by Aalto University at OtaNano – Micronova Nanofabrication Centre. We 
acknowledge financial support from Business Finland. T. P. P. acknowledges the Tandem Industry Academia funding 
from the Finnish Research Impact Foundation. The authors from Aalto University are part of Academy of Finland 
Flagship Programme, Photonics Research and Innovation (PREIN). 
 

REFERENCES 

 
 
[1] S. Xia, F. Sarubi, R. Naulaerts, S. Nihtianov, and L. Nanver, “Response time of silicon photodiodes for 

DUV/EUV radiation,” Conf. Rec. - IEEE Instrum. Meas. Technol. Conf., pp. 1956–1959, 2008, doi: 
10.1109/IMTC.2008.4547368. 

[2] T. E. Hansen, “Silicon UV-Photodiodes Using Natural Inversion Layers,” Phys. Scr., vol. 18, pp. 471–475, 1978. 
[3] L. Shi, S. Nihtianov, S. Xia, L. K. Nanver, A. Gottwald, and F. Scholze, “Electrical and optical performance 

investigation of Si-based ultrashallow-junction p +-n VUV/EUV photodiodes,” IEEE Trans. Instrum. Meas., vol. 
61, no. 5, pp. 1268–1277, May 2012, doi: 10.1109/TIM.2012.2187029. 

[4] 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,” Nat. Photonics, vol. 10, no. 12, pp. 777–781, 
2016, doi: 10.1038/nphoton.2016.226. 

[5] M. Garin et al., “Black-Silicon Ultraviolet Photodiodes Achieve External Quantum Efficiency above 130%,” 

Proc. of SPIE Vol. 11997  119970C-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 

 

 

 

Phys. Rev. Lett., vol. 125, no. 11, p. 117702, Sep. 2020, doi: 10.1103/PHYSREVLETT.125.117702. 
[6] Vojnovic B and Tullis IDC, “A fast optical LED pulse generator,” 2004. 

https://users.ox.ac.uk/~atdgroup/technicalnotes/Fast optical LED pulse generator.pdf (accessed Dec. 19, 2021). 
[7] W. C. Elmore, “The Transient Response of Damped Linear Networks with Particular Regard to Wideband 

Amplifiers,” J. Appl. Phys., vol. 19, no. 1, p. 55, 1948, doi: 10.1063/1.1697872. 
[8] J. Rubinstein, P. Penfield, and M. A. Horowitz, “Signal Delay in RC Tree Networks,” IEEE Trans. Comput. Des. 

Integr. Circuits Syst., vol. 2, no. 3, pp. 202–211, 1983, doi: 10.1109/TCAD.1983.1270037. 
[9] G. Palumbo and M. Poll, “Propagation delay model of current driven RC chain,” Proc. IEEE Int. Conf. Electron. 

Circuits, Syst., vol. 2, pp. 619–622, 2002, doi: 10.1109/ICECS.2002.1046245. 
[10] G. Palumbo and M. Poli, “Propagation delay model of a current driven RC chain for an optimized design,” IEEE 

Trans. Circuits Syst. I Fundam. Theory Appl., vol. 50, no. 4, pp. 572–575, Apr. 2003, doi: 
10.1109/TCSI.2003.809805. 

[11] A. O. Goushcha and B. Tabbert, “On response time of semiconductor photodiodes,” Opt. Eng., vol. 56, no. 09, p. 
1, Sep. 2017, doi: 10.1117/1.OE.56.9.097101. 

[12] T. Tsang, A. Bolotnikov, A. Haarahiltunen, and J. Heinonen, “Quantum efficiency of black silicon photodiodes 
at VUV wavelengths,” Opt. Express, vol. 28, no. 9, p. 13299, Apr. 2020, doi: 10.1364/oe.385448. 

[13] N. Convers Wyeth, “Sheet resistance component of series resistance in a solar cell as a function of grid 
geometry,” Solid. State. Electron., vol. 20, no. 7, pp. 629–634, Jul. 1977, doi: 10.1016/0038-1101(77)90103-4. 

[14] 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. Electron Devices, vol. 67, no. 4, pp. 1645–1652, Apr. 
2020, doi: 10.1109/TED.2020.2975145. 

[15] G. Von Gastrow et al., “Analysis of the Atomic Layer Deposited Al2O3 field-effect passivation in black silicon,” 
Sol. Energy Mater. Sol. Cells, vol. 142, pp. 29–33, 2015, doi: 10.1016/j.solmat.2015.05.027. 

 

Proc. of SPIE Vol. 11997  119970C-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 29 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


