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Introduction
Solar power provides one of the key emerging renewable sources 

of energy for today.1 The key method to harness solar power is by 
means of photovoltaic effect, a phenomenon to convert light into 
electricity.2 In fiber optic communications, photodiode is utilized as 
a sensor to convert an input optical power into electrical signal by a 
similar photovoltaic process.3 Avalanche photodiode has been widely 
deployed due to its performance advantages such as high receiver 
sensitivity, low noise, and high bandwidth.4

Figure 1 shows the general device schematics and electric field 
profile of an APD device. For the top-illumination APD illustrated in 
Figure 1, the top layer is a heavily p-doped InGaAs layer that forms 
Ohmic contact with the p-metal. The next is an intrinsic In0.53Ga0.47 
as absorption layer, which has a band gap energy of 0.75eV, used 
to absorb light.5 To achieve lattice match to InP substrate, InAlAs 

is widely used for the field control and multiplication layers. The 
electric field reaches the maximum in the multiplication layer that is 
responsible for avalanche breakdown operation.4 The doping of the 
InAlAs field control layer can affect the relative field strength between 
the absorber and multiplication regions.

It is well known that the success of semiconductor electronics 
industry has been driven by the continuous feature size shrinking of 
integrated circuits (ICs) over the past decades.6–8 Interestingly, the 
photonic counterpart such as APD photodetectors is also experiencing 
similar miniaturization to achieve ever-increasing speed.9–11 Figure 
2 shows the evolution of feature size for APD and IC since 2010. 
The feature size of APD refers to the thickness of the multiplication 
layer, while the feature size of IC is based on the length of transistor 
channel. It is noted that device scaling occurs for both photonic and 
electronic devices to attain higher performance.
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Abstract

Avalanche photoiodes (APDs) are important building blocks for high-performance optical 
receivers. After deployment of 2.5G and 10G APD, the rapid growth of 100 GB/s Ethernet 
has fueled the demand of 25G APD and beyond. In this Short Communication, we briefly 
review the recent development of nanoscale APD and highlight the potential reliability 
challenges for the future. 
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Figure 1 Schematic cross-section and internal electric field profile of the APD structure (not in scale). In the illustration, the InGaAs absorption layer is next 
to the InAlAs charge control and multiplication layers. 
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Figure 2 Evolution of feature size for APD and IC. The feature size of APD 
refers to the thickness of the multiplication layer, while the feature size of IC 
is based on the length of transistor channel. Device miniaturization occurs for 
both photonic and electronic devices to attain higher performance. 

Today, semiconductor devices often incorporate design-in 
reliability in the early phase.12–14 Several aspects associated with device 
miniaturization may impose reliability challenges. The first is the high 
electric field associated with feature size reduction. The increase in 
electric field can accelerate device degradation over long-term field 
use.15–17 The second factor is related to resistance and Joule heating.18–20 
As device size shrinks, Joule heating is expected to increase at a given 
bias current. The increased Joule heating would raise device junction 
temperature that may excerbate functional performance and long-term 
reliability. The third is geometry inhomogeneity. For electronic IC, 
the geometry inhomogeneity may induce current crowding and cause 
early reliability failure.21–23 For APD, the inhomogeneous structure is 
typically generated by mesa etch.24–26 The etched mesa interface may 
cause an increase in leakage current due to the generation of surface 
state.24,25

Among the above three factors, increased electric field may 
impose the most reliability challenge for APD. This is because the 
effect of increased resistance and Joule heating can be mitigated by 
the use of mesa-type structure. For example, the resistance of the 
mesa-type APD is typically lowers than that of the planar-type due to 
the shorter conduction path.27 On the other hand, the surface leakage 
from mesa structure is expected to be similar from design standpoint. 
With careful processing control, the dark current of modern mesa-type 
APD devices can be confined to within a few tens of nanoamperes.5,28 

In the following, we discuss the reliability implication of increased 
electric field for APD. Figure 3 shows the estimated breakdown 
electric field in the InAlAs multiplication layer of commercial 
2.5G, 10G, and 25G APDs. At the breakdown voltage for avalanche 
operation, majority of the voltage drop typically occurs at the 
absorption and multiplication layers.4 Since the absorption layer is 
very thick, the electric field of the absorber is usually low enough to 
prevent breakdown. Due to the thin layer, the electric field is much 
higher in the multiplication layer as illustrated in the electric field 
profile in Figure 1. Assuming half of the voltage drop is across the 
multiplication layer, we can estimate the electric breakdown field 
at the multiplication layer.29 It is shown that the breakdown field 
may reach about 800 and 1300kV/cm for 10G APD and 25G APD, 
respectively. 

Figure 3 The breakdown electric field of the multiplication layer for various 
APD generations. Generally, the breakdown field increases with increasing 
device speed. 

Although the breakdown field depends on the design of epitaxial 
doping and thickness,28 the ballpark estimate shown in Figure 3 
suggests that reliability issue may need to be extensively studied 
for 25G APD and beyond. As illustrated in our recent studies,26,30,31 
the two seemingly different fields of electronics and photonics share 
some interesting similarities in reliability physics. As device scaling 
continues to occur to attain higher speed and greater performance, 
25G APD and beyond may mark another new frontier of reliability 
studies yet to be explored. With effort as relentless as IC industry, the 
reliability robustness of APD is expected to be achieved and matured 
in the forthcoming.

Conclusion 
Nanoscale APDs are important building blocks for high-speed, 

high-performance optical receivers deployed in the light wave 
communication systems. We have reviewed the key reliability aspects 
associated with device miniaturization: high electric field, Joule 
heating, and geometry inhomogeneity. We conclude that the increase 
in electric field associated with device miniaturization may impose 
the most prominent reliability challenge for the next-generation APD. 

Acknowledgments
The authors thank C.J. Ni and H.S. Chen (Source Photonics, 

Taiwan) for assistance in wafer processing, J.-W. Shi (National Central 
University, Zhongli, Taiwan) for helpful discussions, and Emin Chou 
(Source Photonics, Taiwan) for support of this work.

Conflicts of interest
The author declares that there is no conflicts of interest.

References
1.	 Chu S, Majumdar A. Opportunities and challenges for a sustainable 

energy future. Nature. 2012;488:294–303.

2.	 https://en.wikipedia.org/wiki/Photovoltaics

3.	 https://en.wikipedia.org/wiki/Photodiode

4.	 Campbell JC. Recent advances in avalanche photodiodes. J Light wave 
Tech. 2016;34(2):278–285.

https://doi.org/10.15406/mojsp.2017.01.00015
https://www.nature.com/articles/nature11475
https://www.nature.com/articles/nature11475
https://www.osapublishing.org/jlt/abstract.cfm?uri=jlt-34-2-278
https://www.osapublishing.org/jlt/abstract.cfm?uri=jlt-34-2-278


Reliability challenges of nanoscale avalanche photodiodes 69
Copyright:

©2017 Huang et al. 

Citation: Huang JJS, Chang HS, Jan YH. Reliability challenges of nanoscale avalanche photodiodes. MOJ Solar Photoen Sys. 2017;1(3):67‒69. 
DOI: 10.15406/mojsp.2017.01.00015

5.	 Huang JS, Chang HS, Jan YH, et al. Temperature dependence study of 
mesa-type InGaAs/InAlAs avalanche photodiode characteristics. Adv 
Optoelectronics. 2017.

6.	 Moore GE. Cramming more components onto integrated circuits. Electron 
Mag.1965;38(8):4.

7.	 https://www.semiconductors.org/

8.	 Arden W, Brillouet M, Cogez P, et al. More-than-Moore White Paper. 
ITRS, Taiwan, 2010.

9.	 Chen YH, Wun JM, Wu SL, et al. Top-illuminated In0.52Al0.48As-
based avalanche photodiode with dual charge layers for high-speed and 
low dark current performances. J Selected Topics Quantum Electronics. 
2017;24(2):3800208.

10.	 Nada M, Muramoto Y, Yokoyama H, et al. In AlAs APD with high 
multiplied responsively-bandwidth product (MR-bandwidth product) of 
168 A/W.GHz for 25 Gbit/s high-speed operations. Electronics Letters. 
2012;48(7):397–399. 

11.	 Huang M, Cal P, Su Li, et al. Breakthrough of 25Gb/s Germanium 
on Silicon Avalanche Photodiode. Optical Fiber Communications 
Conference. USA, 2016.

12.	 Huang JS, Jan YH. Environmental Engineering of Photonic and Electronic 
Reliabilities: from Technology and Energy Efficiency Perspectives, 
Scholars’ Press, Saarbrücken, Germany, 2017.

13.	 Huang JS. Design-in reliability of modern wavelength-division multiplex 
(WDM) distributed feedback (DFB) lasers. Appl Phys Research. 
2012;4(2):15–28.

14.	 Bandi UR, Dasaka M, Kumar PK. Design in reliability for communication 
designs. 43rd ACM/IEEE, Design Automation Conference. San Francisco, 
California, USA, 2006. 

15.	 Fukuda M. Reliability and degradation of semiconductor lasers and 
LEDs. Boston : Artech House, 1991.

16.	 Oates AS, Lin MH. Electromigration failure distributions of Cu/low-k 
dual-damascene vias: impact of the critical current density and a new 
reliability extrapolation methodology. IEEE Trans Dev Mater Reliab. 
2009;9(2):244–254.

17.	 Huang JS, Shofner TL, Zhao J. Direct observation of void morphology 
in step-like electromigration resistance behavior and its correlation with 
critical current density. J Appl Phys. 2010;89(4):2130–2133.

18.	 Efremov AA, Bochkareva NI, Gorbunov RI, et al. Effect of the joule 
heating on the quantum efficiency and choice of thermal conditions for 
high-power blue InGaN/GaN LEDs. Semiconductors. 2006;40(5):605–
610.

19.	 Wachutka GK. Rigorous thermodynamic treatment of heat generation 
and conduction in semiconductor device modeling. IEEE Transactions 
on Computer-Aided Design of Integrated Circuits and Systems. 
1990;9(11):1141–1149.

20.	 Huang JS. Reliability of optoelectronics, Chapter 6 in Reliability 
characterization of electrical and electronic systems, Woodhead 
Publishing, Sawston, Cambridge, United Kingdom, 2015;83–114.

21.	 Tu KN, Yeh CC, Liu CY, et al. Effect of current crowding on vacancy 
diffusion and void formation in electromigration. Appl Phys Lett. 
2000;76(8):988–990.

22.	 Yeh ECC, Choi WJ, Tu KN. Current crowding-induced electromigration 
in flip chip solder joints. Appl Phys Lett. 2010;80(4): 580–582.

23.	 Huang JS, Yeh ECC, Zhang ZB, et al. The effect of contact resistance 
on current crowding and electromigration in ULSI interconnects. Mater 
Chem Phys. 2003;77(2):377–383.

24.	 Ma Y, Zhang Y, Gu Y, et al. Impact of etching on the surface leakage 
generation in mesa-type InGaAs/InAlAs avalanche photodetectors. Opt 
Express. 2016;24(7):7823–7834.

25.	 Sudo H, Suzuki M. Surface Degradation Mechanism of InP/InGaAs 
APD’s. J Light wave Tech. 1988;6(10):1496–1501.

26.	 Huang JS, Jan YH, Chen HS, et al. Predictive reliability model of 
10G/25G mesa-type avalanche photodiode degradation. Appl Phys Res. 
2016;8(3):66–74.

27.	 Huang JS, Jan YH, Chang HS, et al. ESD polarity effect study of 
monolithic, integrated DFB-EAM EML for 100/400G optical networks. 
Lasers and Electro-Optics Pacific Rim (CLEO-PR). 2017.

28.	 Huang JS, Chang HS, Jan YH, et al. Highly reliable, cost-effective and 
temperature-stable top-illuminated avalanche photodiode (APD) for 
100G inter-datacenter ER4-Lite application. Photoptics, 6th International 
Conference on Photonics, Optics and Laser Technology, Funchal, 
Portugal. 2018.

29.	 Saleh MA, Hayat MM, Kwon OH, et al. Breakdown voltage in thin III-V 
avalanche photodiodes. Appl Phys Lett. 2001;79(24): 4037–4039.

30.	 Huang JS, Yu Heng Jan. Interconnected analogy and resemblance: from 
classical music to modern semiconductor technology. Int’l J Electrical 
Electronics Eng. 2016;5(2):1–8.

31.	 Huang JS, Jan YH. A complexity science study: effect of critical current 
density on semiconductor laser diodes and integrated circuits. J Systemics 
Cybernetics Informatics. 2017;15(1):77–83.

https://doi.org/10.15406/mojsp.2017.01.00015
https://www.hindawi.com/journals/aoe/2017/2084621/
https://www.hindawi.com/journals/aoe/2017/2084621/
https://www.hindawi.com/journals/aoe/2017/2084621/
https://cis.upenn.edu/~cis501/papers/mooreslaw-reprint.pdf
https://cis.upenn.edu/~cis501/papers/mooreslaw-reprint.pdf
https://www.semiconductors.org/
http://www.itrs2.net/uploads/4/9/7/7/49775221/irc-itrs-mtm-v2_3.pdf
http://www.itrs2.net/uploads/4/9/7/7/49775221/irc-itrs-mtm-v2_3.pdf
https://ieeexplore.ieee.org/document/7990500/
https://ieeexplore.ieee.org/document/7990500/
https://ieeexplore.ieee.org/document/7990500/
https://ieeexplore.ieee.org/document/7990500/
https://digital-library.theiet.org/content/journals/10.1049/el.2012.0100
https://digital-library.theiet.org/content/journals/10.1049/el.2012.0100
https://digital-library.theiet.org/content/journals/10.1049/el.2012.0100
https://digital-library.theiet.org/content/journals/10.1049/el.2012.0100
https://www.osapublishing.org/abstract.cfm?uri=OFC-2016-Tu2D.2
https://www.osapublishing.org/abstract.cfm?uri=OFC-2016-Tu2D.2
https://www.osapublishing.org/abstract.cfm?uri=OFC-2016-Tu2D.2
http://www.ccsenet.org/journal/index.php/apr/article/view/16764
http://www.ccsenet.org/journal/index.php/apr/article/view/16764
http://www.ccsenet.org/journal/index.php/apr/article/view/16764
https://ieeexplore.ieee.org/document/1688787
https://ieeexplore.ieee.org/document/1688787
https://ieeexplore.ieee.org/document/1688787
https://lib.ugent.be/en/catalog/rug01:002083514?i=9&q=+EMITTING-DIODES&search_field=subject
https://lib.ugent.be/en/catalog/rug01:002083514?i=9&q=+EMITTING-DIODES&search_field=subject
https://ieeexplore.ieee.org/document/4796315
https://ieeexplore.ieee.org/document/4796315
https://ieeexplore.ieee.org/document/4796315
https://ieeexplore.ieee.org/document/4796315
https://aip.scitation.org/doi/abs/10.1063/1.1340004
https://aip.scitation.org/doi/abs/10.1063/1.1340004
https://aip.scitation.org/doi/abs/10.1063/1.1340004
https://link.springer.com/article/10.1134/S1063782606050162
https://link.springer.com/article/10.1134/S1063782606050162
https://link.springer.com/article/10.1134/S1063782606050162
https://link.springer.com/article/10.1134/S1063782606050162
https://ieeexplore.ieee.org/document/62751
https://ieeexplore.ieee.org/document/62751
https://ieeexplore.ieee.org/document/62751
https://ieeexplore.ieee.org/document/62751
https://www.sciencedirect.com/science/article/pii/B978178242221100006X
https://www.sciencedirect.com/science/article/pii/B978178242221100006X
https://www.sciencedirect.com/science/article/pii/B978178242221100006X
https://aip.scitation.org/doi/10.1063/1.125915
https://aip.scitation.org/doi/10.1063/1.125915
https://aip.scitation.org/doi/10.1063/1.125915
https://aip.scitation.org/doi/abs/10.1063/1.1432443
https://aip.scitation.org/doi/abs/10.1063/1.1432443
https://www.sciencedirect.com/science/article/pii/S0254058402000184
https://www.sciencedirect.com/science/article/pii/S0254058402000184
https://www.sciencedirect.com/science/article/pii/S0254058402000184
https://www.ncbi.nlm.nih.gov/pubmed/27137065
https://www.ncbi.nlm.nih.gov/pubmed/27137065
https://www.ncbi.nlm.nih.gov/pubmed/27137065
https://ieeexplore.ieee.org/document/7907
https://ieeexplore.ieee.org/document/7907
http://www.ccsenet.org/journal/index.php/apr/article/view/59262
http://www.ccsenet.org/journal/index.php/apr/article/view/59262
http://www.ccsenet.org/journal/index.php/apr/article/view/59262
https://ieeexplore.ieee.org/document/8118609
https://ieeexplore.ieee.org/document/8118609
https://ieeexplore.ieee.org/document/8118609
https://aip.scitation.org/doi/10.1063/1.1425463
https://aip.scitation.org/doi/10.1063/1.1425463
http://www.iiisci.org/journal/CV$/sci/pdfs/ZA377GC17.pdf
http://www.iiisci.org/journal/CV$/sci/pdfs/ZA377GC17.pdf
http://www.iiisci.org/journal/CV$/sci/pdfs/ZA377GC17.pdf

	Title
	Abstract
	Keywords
	Introduction
	Conclusion
	Acknowledgments
	Conflicts of interest 
	References
	Figure 1
	Figure 2
	Figure 3

