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Abstract 

Avalanche photodiode is a widely used receiver component due to its high sensitivity and low noise 

performance. For many applications, the APD chips are required to maintain stable performance 

against harsh environmental stresses such as high heat and humidity. In this paper, we study the APD 

moisture degradation behavior under the harsh environment of high humidity (60-75%), high 

temperature (85C), and high bias (-32 V). We present empirical acceleration factor form functions of 

temperature and humidity based on experimental data and provide quantitative analysis on the 

humidity dependence. The humidity coefficient of the mesa-type APD from exponential fit is estimated 

to be -0.00137. 

Keywords 

Avalanche photodiodes, photodiodes, reliability, humidity dependence, dark current, harsh 

environmental stress, electrochemical oxidation 

 

1. Introduction 

Avalanche photodiode (APD) provides versatile performance advantages for photoreceivers including 

high sensitivity, high signal-to-noise ratio, and low dark current (Campbell, 2016; Nada et al., 2015; 

Huang et al., 2017; Chen et al., 2018; Neitzert et al., 1997; Huang et al., 2020). Because of those 

technological benefits, the APDs are widely deployed in commercial and military applications such as 

military, passive optical network (PON), telecommunication, and wireless (as illustrated in Figure 1). 

Recently, APD reliability, under harsh environmental stresses such as high heat and humidity, has 

drawn great interest to meet up the cost and performance requirements. A robust APD needs to 
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maintain stable performance under harsh environments such as heat, moisture, and radiation (Huang et 

al., 2017; Huang et al., 2018). 

 

 

Figure 1. Illustration of APD Applications in the Areas of Military, PON, Telecommunication, and 

Wireless 

 

Most of the APD reliability studies were focused on aging behavior against heat (Huang et al., 2018; 

Ishimura et al., 2007; Kim et al., 2001; Takeshita et al., 2006; Watanabe et al., 1996; Smith et al., 2009). 

Very few literature was reported on the combined effect of moisture and heat. Knowledge of the APD 

degradation behavior against moisture is becoming increasingly important for low cost non-hermetic 

applications. Although some empirical non-hermetic reliability data have been presented, fundamental 

understanding of the failure mechanisms under non-hermetic environment still remains relatively 

scarce compared to the classical degradation case under heat (Comizzoli et al., 2001; Osenbach et al., 

1996). 

In this paper, we study the effect of temperature and humidity on the degradation of mesa-type APD. 

We show the humidity dependence of the mesa-type APD based on the empirical formula and discuss 

the implication of humidity sensitivity. 

 

2. Experimental 

Figure 2 shows the schematics of a mesa-type APD used in this reliability study. The APD device was 

based on mesa structure with coplanar P- and N-metal contacts to enhance the speed and reduce the 

series resistance (Huang et al., 2017). The top P-mesa consisted of InGaAs contact layer and InP 

window (Huang et al., 2016). The p-InGaAs contact layer was covered by the p-metal to form Ohmic 

contact and connected to the bondpad by a p-metal ring that surrounded the circular anti-reflective (AR) 

window. The active region consisted of the InGaAs absorption (1.2 m), nanoscale InAlAs charge 

control (50 nm), and InAlAs multiplication (200 nm) layers. Such active structure was also called 

separate absorption, charge, and multiplication (SACM). Electron carrier was utilized for multiplication 

of the mesa-type APD (Huang et al., 2018). The bottom N-mesa consisted of the N-InP buffer and 
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contact layers, grown on a semi-insulating (S.I.) InP substrate. The N-mesa was covered by the n-metal 

contact that was connected to the n-metal bondpad. For the passivation dielectrics, a thick polyimide 

(~2-3 m) was used to reduce the capacitance, covered by a thin SiO2 coating (320 nm) to enhance 

surface passivation.  

 

(a) 

 

 

(b) 

            

Figure 2. (a) Schematics of the Mesa-type SACM APD Structure Used in the Harsh 

Environmental Study. (b) The Reverse IV Curve of the Mesa-type APD Measured at 25C. The 

Horizontal Axis Shows the Absolute Value of the Reverse Voltage 

 

Figure 2(b) shows the reverse current-voltage (IV) curve of the mesa-type SACM APD. The IV curve 

shows two transitions where the slopes of the curve change drastically. The first transition at 10 V 

corresponds to the punch-through voltage at which electric field depletes both the InAlAs 

multiplication and i-InGaAs absorption layers (Huang et al., 2017). The punch-through voltage related 

to the absorption layer is denoted as Vpt. The second transition represents the avalanche breakdown 
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voltage (Vbr) that is typically determined by the InAlAs multiplication layer. The Vbr measured at 10 

A on the IV curve is about 32 V. The dark current (Id) taken by the reverse current at 0.9Vbr is 

estimated to be about 12 nA at 25C. 

For the harsh environmental stress experiment, the APD chips were mounted on transistor outline (TO) 

headers. Gold wire was bonded to connect the p-metal contact of the APD to the electrical lead of the 

TO header. The APD samples were placed into sockets of the circuit board, and the circuit board was 

inserted in the chamber. Electrical current-voltage (IV) test was measured before and after each stress. 

The moisture containing ambient (MCA) chamber was set at various temperatures and relative 

humidities (RH). All the APD devices were biased at -32 V near its breakdown voltage (Vbr). 

To study the APD degradation behavior under humidity and heat, three groups of samples were tested 

for different stress conditions. Group-A was tested under the MCA condition of 25C/75% RH. 

Group-B was tested under the MCA condition of 85C/60% RH. Group-C was tested under the 

condition of 85C/0% RH where the TO samples were sealed to simulate 0% RH. The IV was 

monitored at 0, 160, 500, and 1000 hours of MCA stress. The device lifetime was defined as the time to 

reach 10 times of the initial dark current. 

Following the 1000-hour stress test, the most severely degraded devices were examined by optical 

microscopy (OM) and scanning electron microscopy (SEM) to identify the failure site.  

 

3. Results and Discussions 

Figure 3 shows the distributions of relative dark current changes of the mesa-type APD devices 

subjected to the three different stress conditions (Group-A, Group-B, and Group-C). The relative dark 

current change was taken by the ratio of the dark current after 1000-hour stress versus the initial dark 

current. Group-A (25C/75% RH) showed the most pronounced dark current change despite of no 

temperature acceleration. This suggested that the effect of humidity was more dominant than the effect 

of temperature. Group-B (85C/60% RH) showed the second most dark current change. Group-C 

(85C/0% RH) showed the least dark current change, indicating that the temperature acceleration was 

less influential than the humidity acceleration. Table 1 summarizes the median dark current changes of 

the three stress groups. The median changes of dark current were 13.8, 8.0, and 1.0 for Group-A, 

Group-B, and Group-C, respectively. 
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Figure 3. Relative Dark Current Change Distributions of the Mesa-type APD Devices under 

Three Stress Conditions (25C/75% RH, 85C/60% RH, and 85C/0% RH) 

 

Table 1. Summary of Humidity/Temperature Stress Test Results of Mesa-type APD Devices 

 
Group-A 

25C/75% RH 

Group-B 

85C/60% RH 

Group-C 

85C/0% RH 

Environmental stress Harsh humidity  Humidity and temperature  Only temperature  

Median dark current change 

ratio, Id(1000hr)/Id(0hr) 
13.8 8.0 1.0 

Stress results 
Effect of humidity 

was dominant 

Effect of temperature was 

less significant than 

humidity 

Effect of temperature 

was less significant 

than humidity 

 

Figure 4(a) and (b) show the top-view optical and SEM images of the mesa-type APD device after the 

moisture environmental test. Optical inspection showed that the circled region of the p-metal bridge 

was vulnerable to moisture-induced damage. On the sides of the p-metal bridge near the p-metal pad, 

there was only passivation of thin SiO2 and polyimide, but no p-metal on the surface. In the moisture 

ambient, water penetration was more likely to initiate from the sides where the p-metal was absent. 

After the incubation phase, the water gradually propagated inwards to cause further damage.  
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Figure 4. Top-view (a) Optical and (b) SEM Image of the Mesa-type APD Device after Moisture 

Degradation. Examination of the Most Severely Damaged Device from Group-A showed Damage 

on the Sides of the p-metal Bridge 

 

3.1 Moisture Degradation Model 

As reported in our previous study, the moisture degradation of the mesa-type APD can be explained by 

our model summarized below (Huang et al., 2020).  

a) When the mesa-type APD device was subjected to harsh environmental stresses (25-85 C, 

60-75% RH, -32 V), the applied voltage generated relatively high electric field across the passivation 

layer (Huang et al., 2017). The high electric field was particularly pronounced at the edge of polyimide 

where the layer was thinned down and exposed to field gradient near the wirebond area. 

b) The high electric field caused leakage current to flow through the passivation layer, assisted by 

surface leakage. The combination of current flow and moisture-containing ambient led to 

electrochemical oxidation (Chakrabarti et al., 2002).  

c) During the electrochemical oxidation process, moisture reacted with InP and resulted in nucleation 

of indium phosphate (InPO4) compound.  

d) As the compound grew over time, the InPO4 compound formed high stress regions that caused 

bulging in the polyimide and metal bridge. Typically, the moisture degradation incurred an increase in 

dark current as shown in Figure 3. For the severe case, the bulging may also rupture the metal bridge to 

cause open failure. 

3.2 Device Lifetime and Acceleration Factor 

For the classical aging test that involves only temperature, the device lifetime (tf) typically follows 

Black’s equation where Ea is the activation energy, k is the Boltzmann’s constant, and T is the absolute 

temperature in K (Huang et al., 2020; Huang et al., 2017).  
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tf  exp(Ea/kT)        (1) 

In cases involving harsh environmental stresses, the device lifetime includes the acceleration factors of 

(1) temperature, (2) moisture, and (3) applied voltage. The humidity and voltage form functions are not 

well defined by theory. Here, we adopt the functions in the Osenbach model as depicted in Equation (2) 

where A is the humidity coefficient and B is the bias coefficient (Osenbach et al., 1996). The 

exponential dependence on RH has been observed for various insulator surfaces (Comizzoli et al., 

2001). 

tf  exp(Ea/kT) exp[A(RH)n] exp(BV)     (2) 

Since the effect of moisture was more dominant, we conducted detailed quantitative analysis on the 

humidity acceleration. Figure 5(a) shows the natural logarithm of the median lifetime versus relative 

humidity (% RH) of the mesa-type APD devices based on linear fit. The line shows the best fit of least 

squares of the data. For Group-A, we used the activation energy of 0.42 eV to extrapolate the lifetime 

at 85C (Osenbach et al., 1996). The exponential humidity coefficient for the linear fit (where n=1) is 

-0.0962 with a R2 correlation factor of 0.900. Figure 5(b) is a plot of the natural logarithm of the 

median lifetime versus relative humidity squared two (% RH2) of the same mesa-type APD samples. 

The exponential humidity coefficient for n=2 is -0.00137 with a R2 correlation factor of 0.994. 

Comparing the fitting of n=1 and n=2, we conclude that the square fit using n=2 is statistically better. 

Based on the analysis, we take the humidity dependence for the mesa-type APD devices to be the form 

expressed in Equation (3). 

        tf  exp(Ea/kT) exp[A(RH)2] exp(BV)                        (3) 

 

 

Figure 5. (a) Plot of Median Lifetime versus Relative Humidity Using Linear Model (n=1) and (b) 

Plot of Median Lifetime versus Relative Humidity Squared Two Where n=2 in Equation (2). Both 

Linear and Squared Fits are Applied to the Same Experimental Data from Group-A, Group-B, 

and Group-C 
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We note that the humidity coefficient value of 0.00137 for the mesa-type APD is greater that the value 

of 0.00046 reported in the planar InP p-type/intrinsic/n-type (PIN) photodiodes (Osenbach et al., 1996). 

The higher empirical value of humidity coefficient indicates higher sensitivity to the environmental 

moisture. By taking the square root of the ratio of humidity coefficient of mesa-type versus planar-type 

APD, the humidity sensitivity of the mesa-type is estimated to be higher than that of the planar-type by 

a factor of 1.7. This is expected because the mesa-type structure is likely to generate more weak spots 

resulting from surface state, geometrical non-uniformity, and topography (Huang et al., 2016; Huang et 

al., 2020). 

 

4. Conclusion 

We have studied the moisture-induced reliability degradation of mesa-type APD under harsh 

environmental stress of high humidity, high temperature, and high bias. We characterized the dark 

current change distributions of the three different stress conditions (25C/75% RH/-32 V, 85C/60% 

RH/-32 V, and 85C/0% RH/-32 V). The data suggested that humidity effect was more dominant than 

temperature and bias.  

We also observed that the moisture-induced damage typically occurred on the sides of the p-metal 

bridge due to the topography of APD mesa structure. The humidity degradation was manifested by the 

increase in dark current. In the severe case, open failure was also likely to occur due to the rupture of 

p-metal bridge from the formation of InPO4 compound underneath.  

The quantitative analysis of the humidity dependence showed that the degradation of the mesa-type 

APD followed squared-two dependence of humidity (% RH2). The humidity coefficient was 

determined to be -0.00137. The higher value of humidity coefficient indicated higher sensitivity to the 

environmental moisture than that of the planar-type APD, by a factor of 1.7.  
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