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Abstract:

Electrostatic discharge (ESD) occurs in almost all aspects of our lives. Lightning is an example of ESD that typically 
occurs during thunderstorms. To prevent building structures from being damaged, lightning rods are often used to preferentially 
shunt the lightning strike to the ground. ESD can cause damage to modern semiconductor devices as well. For nanoelectronics 
and nanophotonics, the devices may become more sensitive to ESD due to the smaller feature sizes. To come up with an effective 
“lightning rod” for nanophotonics, detailed characterization and understanding of ESD-failure mechanisms are critical. In this 
work, we study the ESD-degradation characteristics of nanoscale short-cavity semiconductor lasers. We perform ESD testing 
of the lasers over a wide range of stress levels to map out the entire ESD spectrum under the reverse polarity. We show that the 
lasers exhibit three ESD damage levels: (1) avalanche breakdown, (2) Joule heating, and (3) thermal runaway. We discuss the 
physical mechanism of each ESD damage level.
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Introduction
Around 585 BC, Thales of Miletus from Greece discovered 

the principle of static electricity [1]. He observed that amber could 
attract lightweight objects such as feathers to itself by rubbing the 
amber with a piece of fur. Today, static Electricity or Electrostatic 
Discharge (ESD) occurs almost everywhere. Lightning is a vivid 
example of ESD that occurs during thunderstorms [2]. This dis-
charge allows charged regions in the clouds to temporarily equal-
ize themselves. The principle of the lightning rod was first detailed 
by Benjamin Franklin in Pennsylvania in 1749. After conducting 
a kite experiment in a thunderstorm, Franklin invented a lightning 
rod that consisted of a metal rod mounted on a building structure. 
The rod was intended to protect the structure from a lightning 
strike. If lightning hits the structure, it will preferentially strike the 
rod and be conducted to ground through a wire, instead of passing 
through the structure and causing fire or electrocution.

To modern man-made devices, ESD also poses similar 
threat and damage. The ESD failures have been reported in elec-
tronic Integrated Circuits (ICs) and optoelectronic devices [3-10]. 
When devices continue to be miniaturized, the ESD sensitivity is 
expected to become even more pronounced. Characterization of 
ESD thresholds and understanding of ESD-failure mechanisms are 
critical for the development of future Nano electronic and Nano 
photonic devices [3,7]. 

In this paper, we study the ESD-degradation characteristics 
of nanoscale short-cavity semiconductor lasers. We perform ESD 
testing of the lasers over a wide range of stress voltages (100 - 8000 
V) under the reverse polarity. We show that the lasers exhibit three 
ESD damage levels: (1) avalanche breakdown, (2) Joule heating, 
and (3) thermal runaway. We discuss the physical mechanism of 
each ESD damage level. 

Experiment
Figure 1(a) shows the schematic of the nanoscale Fabry-

Perot (FP) semiconductor laser. To achieve uncooled performance 
from -40 to +90 °C, nanoscale Multi-Quantum Well (MQW) 
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and Separate Confinement (SCH) structures of InAlGaAs mate-
rial were grown by Metal Organic Chemical Vapor Deposition 
(MOCVD) technique. The thicknesses of the quantum barrier and 
well in the active region were less than 10 nm. A 20 nm InP layer 
was then grown to form a Nano-spacer between the active region 
and the InP cladding layer to minimize current spreading and en-
hance bandwidth. The final InP cladding layer and a heavily-doped 
p+-InGaAs layer were grown and etched to form a 1.5 µm wide 
ridge waveguide (RWG) structure. Finally, the p-metal of Ti/Pt/Au 
was deposited and annealed to make an Ohmic contact. The wafer 
was thinned and deposited with n-metal of AuGe/TiAu [11-13]. 
The wafers were cleaved into 150 µm long bars to form short-
cavity lasers for 25 Gb/s high-speed applications. The laser fac-
ets were deposited with anti-reflection (AR) and highly-reflective 
(HR) coatings. The reflectivity of the AR coating was 50%. The 
laser chips were mounted to the submount package and stressed 
with different levels of ESD. 

Figure 1(b) shows the ESD test setup with a human-body 
model (HBM) simulator consisting of a circuit of 1.5 kΩ and 100 
pF. The HBM test method was in adherence to Telcordia TR-NWT-
000870 [14]. The chip-on-sub mount device was loaded to a test 
station, and the probes made contacts to the bond pads of the sur-
mounts that were connected to the p-side and n-sides of the laser 
device. The ground of the ESD tester was connected to the n-side 
(cathode) of the laser, whereas the ESD pulse was applied to the 
p-side (anode) of the laser. The ESD stress voltage started from 0.1 
kV and ramped successively up to 8 kV in order to observe the en-
tire evolution of ESD failure morphology. Current versus voltage 
(IV) was measured before and after each ESD stress to determine 
the ESD-failure threshold [11]. The ESD failure was defined as 
a reverse voltage change of over 1 V at the reverse current of 1 
µA. After an ESD failure, the devices were randomly selected for 
Failure Analysis (FA). Optical microscopy and Scanning Electron 
Microscopy (SEM) were used for the physical FA.

Figure 1: Schematic of (a) nanoscale InAlGaAs MQW laser structure and 
(b) laser chip on sub mount for ESD test.

Results and Discussions
For the short-cavity laser with a cavity length of 150 µm and a 
ridge width of 1.5 µm, the device is subjected to a high electric 

field during the ESD stress, as illustrated in Figure 2. The majority 
of the high electric field is concentrated in the MQW active 
region with minimal leakage to the lateral directions. The small 
lateral leakage is mainly due to the Nano-spacer that is formed 
to minimize current spreading for performance optimization. This 
applies to both forward and reverse ESD stresses.

Figure 2: Schematic of short-cavity laser under ESD stress (not in scale). 
The laser experiences high electric field in the MQW active region with 
minimal leakage to the lateral directions.

The typical IV curve of the 150 µm long InAlGaAs MQW 
laser is shown in Figure 3. The turn-on voltage at 25 °C was 
approximately 0.9 V. Above the turn-on voltage, the forward 
current increased rapidly with increasing voltage. In this regime, 
the series resistance (Rs) can be extracted from the slope of IV 
curve.  

Figure 3: A typical IV characteristic of 150 µm long InAlGaAs MQW 
laser. The IV is measured in forward and reverse polarities at 25 °C.
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Figure 4 shows the IV curves before and after different 
degrees of ESD stresses. As the reverse ESD stress ramped up to 
-600 V, the reverse IV started to show a small shift. At the initial 
ESD degradation, the chip normally did not exhibit any physical 
damage to the surface. As the reverse ESD stress increased to 
-1200 V, the IV started to show more substantial changes in both 
forward and reverse polarities. For the forward IV, the turn-on 
voltage decreased, indicating that the junction had been damaged. 
For the reverse IV, the leakage current grew larger at the fixed 
voltage. While the IV change in ESD level-2 was significant, the 
chip typically did not show any visible surface damage. To compile 
the entire ESD degradation process, the laser was ESD stressed up 
to -8000 V. 

Figure 4: Typical IV curves of 150 µm long InAlGaAs MQW lasers be-
fore and after various ESD stresses. Level-1, Level-2 and Level-3 ESDs 
are denoted to indicate different levels of ESD damages.

In the following, we discuss each ESD damage level by 
means of electrical and physical characterizations. 

Level-1: Avalanche breakdown 
Level-1 ESD degradation is characterized by a small shift 

in reverse IV. At this early ESD stage, the degradation of reverse 
ESD is largely driven by avalanche breakdown resulting from the 
tunneling mechanism [15]. Avalanche breakdown occurs when 
an excessive electric field forms in the semiconductor during the 
reverse ESD stress [3]. The high electric field accelerates electrons 
and holes to sufficient energy to knock other electrons and holes 
free. The field accelerates these additional electron and hole 

carriers that can generate more electron-hole pairs in a growing 
snowball process called avalanche breakdown.

The shift of Level-1 ESD is so small that it usually cannot 
be deciphered from the linear scale. For example, the IV curves 
before the ESD stress appears to overlap with that of the Level-1 
ESD in Figure 4. To discern the subtle difference in the reverse IV 
at Level-1 ESD, a logarithmic scale is typically expressed as shown 
in Figure 5. In the log scale, it can be seen that the reverse current 
becomes larger after Level-1 ESD degradation. For instance, the 
reverse current increases by roughly 1 order of magnitude of the 
reverse voltage of -2 V.

Figure 5: Log scale of IV curves of 150 µm long InAlGaAs MQW lasers 
before and after various ESD stresses. Level-1, Level-2 and Level-3 ESDs 
are denoted to indicate different degrees of ESD damages.

Level-2: Joule heating
Level-2 ESD degradation is featured with substantial change 

in both forward and reverse IV. The IV shift is significant enough 
to be observed in both linear and logarithmic scales of IV curves. 
For the forward IV, the turn-on voltage becomes smaller, indicating 
that the p-n junction had degraded. In the reverse direction, the 
reverse current, typically increases by several orders of magnitude 
as the reverse voltage of -2 V as shown in Figure 5. 

At Level-2 ESD, the device degradation is attributed to 
avalanche breakdown and Joule heating. The thermal heating may 
accelerate the reverse breakdown process. The ESD damage at this 
level may not be catastrophic, so it cannot be manifested on the 
chip surface as shown in Figure 6. 
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Figure 6: Top view of 150 µm long InAlGaAs MQW laser after being 
subjected to reverse ESD stress of -1200 V. The damage corresponds to 
Level-2 ESD according to the IV curve

Level-3: Thermal runaway
As the reverse ESD voltage continues to increase, thermal 

runaway process eventually occurs at Level-3 ESD. At the location 
of current crowding, more current tends to flow through the hot 
region. Subsequently, the resistance of the hot region decreases 
with the rising temperature. This in turn attracts more current to 
flow into the hot region and exacerbates the heating. The current 
concentration and heat-induced resistance reduction forms a 
positive loop to cause thermal runaway.

Figure 7 shows the example of the damaged laser line after 
the reverse ESD stress at -6000 V. In the hot region shown by 
thermal emission microscopy (EMMI), damage can be visually 
seen on the laser line near the edge of bond pad.

Figure 7: Top view of 150 µm long InAlGaAs MQW laser after being 
subjected to reverse ESD stress of -6000 V. The damage corresponds to 
Level-3 ESD according to the IV curve.

Conclusion
We have extensively studied the reverse ESD characteristics 

of nanoscale short-cavity FP semiconductor lasers over a 

wide range of ESD levels. Based on the electrical and physical 
properties, the ESD is categorized into three degradation levels. 
The first ESD degradation level is driven by avalanche breakdown. 
Only the reverse IV shows a small shift that can be deciphered in 
logarithmic scale. The forward IV remains intact, and no surface 
damage occurs at Leve-1 ESD. The ESD degradation of Level-2 is 
accelerated by Joule heating. The IV shift is significant enough to 
be observed in both linear and logarithmic scales of IV curves. For 
the forward IV, the turn-on voltage becomes smaller, indicating that 
the p-n junction has been degraded. For the reverse direction, the 
reverse current, typically increases by several orders of magnitude 
of the reverse voltage of -2 V. The ESD damage at Level-2 may 
not be catastrophic and manifested on the chip surface. At Level-3 
ESD, the damage is catastrophic, and visible damage can be 
seen on the surface of the chip. The burn mark can be observed 
in the laser line near the bond pad. Thermal runaway plays very 
important role in the catastrophic ESD damage. At the location 
of current crowding, more current flows through the hot region 
during Level-3 ESD. Subsequently, the resistance of the hot region 
decreases with the rising temperature. This in turn attracts more 
current to flow into the hot region and exacerbates the heating, 
leading to thermal runaway.
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