
1 
 

Hot Carrier Degradation of Mixed-mode Polysilicon 
Light Emitting Diodes 

 

Marius E. Goosen1,2,3, Petrus J. Venter3, Nicolaas M. Fauré3, Promise N. Msomi3, Johan Schoeman2, 

and Trudi-H. Joubert2 

1. Corresponding author. Email: u04294106@tuks.co.za Phone: +2782 571 9346. 
2. Department of Electrical, Electronic and Computer Engineering, University of Pretoria. Lynnwood road, Hatfield, 

Pretoria, 0063. 
3. INSiAVA (Pty) Ltd. 19 Frikkie de Beer Street, Garston AH, Pretoria, 0063. 

 
 

Highlights 

 Mixed-mode polysilicon light emitting diode manufactured in standard 0.35 μm CMOS. 
 Hot carrier degradation is noticed, caused by hydrogen dissociation in high E-field. 
 Increased non-radiative tunneling is shown due to increased defect states. 
 Degradation is strongly dependent on the stress current/hot carrier bombardment. 

 
 
Graphical abstract 

 

 

 



2 
 

Abstract 

This paper investigates the degradation and reliability of polysilicon light emitters implemented in a standard 0.35 μm 

CMOS process. A total of 48 identical hot carrier electroluminescent emitters were subjected to high temperature operating life 

tests. The results show the first reported degradation in reverse biased silicon light emitter intensity, consistent with hot carrier 

degradation. The degradation is shown to be strongly dependent on the stress current, while little to no dependence on 

temperature stress is noticed. With the device operating in a mixed-mode regime, it is postulated that hydrogen dissociation 

and generation of interface states through hot carrier stress increases the non-radiative tunnelling mechanisms reducing the 

optical intensity with increased stress. Degradation model parameters are extracted to predict light emitter lifetime and to 

provide long life design criteria for these polysilicon light emitters. 
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I. INTRODUCTION 

IGHT emission from silicon has been a topic of much 

research since it was first noticed in 1955 [1]. Achieving an 

efficient light emitter in silicon has been called the holy grail 

of silicon photonics due to its integration potential and 

excellent spectral overlap with detection in silicon [2]. It 

remains paramount that standard manufacturing technologies 

are used for implementation and integration of systems 

containing silicon light emitters to capitalize on the vast 

investment made in silicon manufacturing technologies 

world-wide [3]. Target optical systems for complete CMOS 

integration include microdisplays [4], opto-isolators [5] and 

biosensors [6]. 

 

Silicon emitters based on avalanche electroluminescence 

remain inefficient due it’s an indirect bandgap. Polysilicon as 

light emitting material was recently introduced in a CMOS-

compatible process to improve the generation efficiency 

[7-9]. These devices make use of the additional defect centres 

present in the polysilicon material to enhance the efficiency. 

These devices showed a 2× factor of improvement in external 

power efficiency (EPE) compared to three-terminal devices 

presented in [10]. 

Only a few authors have studied the effect of degradation 

on silicon light emitters operating under high field conditions 

[11-14]. These authors agree that no clear net reduction in 

optical intensity is present after stressing. The hydrogen 

migration model (the formation of B-H complexes) has been 
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postulated to qualitatively explain the change in emission 

profiles noticed [11-14].  

The degradation and operating life of polysilicon emitters 

need to be carefully considered and evaluated due to the 

introduction of additional defects states in the form of Si:SiO2 

interface and grain boundary states. Hot carrier degradation 

(HCD) has been shown to degrade polysilicon bipolar 

transistors, changing the base-emitter junction 

characteristics [15]. 

This work is motivated by the need to determine and 

understand the extent to which the possible efficiency 

improvement gained through defect centre exploitation, 

deteriorates the polysilicon light emitter performance over 

time. It is hypothesised that the hydrogen migration model 

cannot solely account for the degradation of polysilicon light 

emitters, and that the generation of interface states due to 

Si-H dissociation increases the non-radiative tunnelling 

component, degrading the light emitter performance over 

time. 

II. THEORY ON HCD IN POLYSILICON PN-JUNCTIONS 

HCD has been widely investigated in polysilicon-on-

insulator MOSFETs [16-17] and polysilicon emitter BJTs 

[15][18] as a source of degradation that reduces the 

performance of the devices over time. In general, there are 

two main sources of the degradation due to hot carrier stress, 

1) charges trapped in the oxide close to the metallurgical 

junction and 2) breaking of weak bonds at the Si:SiO2 

interface.  

A. Trapped charges in the oxide 

When the carriers are accelerated by the electric field in 

the depletion region, they attain sufficient energy to be 

injected into the field oxide via tunnelling. These “slow” 

states change the surface potential and the tunnelling and 

avalanche current along the perimeter of the device [19-20].  

The accumulation of charge near the metallurgical 

junction shifts the localized breakdown point further from the 

device surface, increasing the depletion region width and the 

resulting reverse voltage (VR). This effect reduces over time 

as the breakdown region is shifted deeper into the 

(poly)silicon and fewer carriers close to the device periphery 

have sufficient energy to tunnel into the oxide. At this point 

the trapping and releasing of electrons are in thermal 

equilibrium [21]. In this work, junction formation through 

ion-implantation and Boron out-diffusion from the p-region 

will shift the junction deeper into the polysilicon material, 

reducing the carrier energy at the surface before any stress is 

applied. The effect of junction walkout (the drift in VR) is 

therefore unlikely to contribute significant degradation or 

change in junction characteristics in this work.  

B. Breaking of weak interface bonds 

In the processing of silicon devices and the formation of 

thermal oxides, hydrogen is readily available [22]. The 

available hydrogen by-products (from wet oxidation and 

pyrolyzing of silane to form polysilicon), as well as 

intentionally introduced hydrogen, bond and passivate the 

dangling Si bonds at the Si:SiO2 interfaces and polysilicon 

grain boundaries.  
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These weak Si-H and SiO-H are bombarded by hot 

carriers when placed under high-field conditions, 

dissociating the hydrogen. The dissociated H+ ions are free to 

diffuse within the device to either re-passivate newly formed 

defect states or to form new bonds such as B-H complexes 

(hydrogen bond model). The hydrogen ions will continue to 

diffuse away from the high field region with increased stress 

time. 

The effect of the formation of B-H complexes was first 

introduced by [23-24] and results in a decrease in the acceptor 

doping concentration. Lowering the doping concentration of 

the p-type region will increase the VR for devices with no field 

stop region to terminate the electric field. This drift in VR was 

shown in [23] to be strongly temperature dependent. With the 

introduction of the field stop region [25], as is also done in 

this work, the VR can be shown to reduce with decreased 

doping concentration due to the fixed location of the field 

stop region. 

The complete encapsulation of the polysilicon light 

emitter in SiO2 as introduced in this work, confines the 

dissociated hydrogen ions to within the thin polysilicon layer. 

Therefore, the hydrogen ions can only diffuse laterally, most 

likely compensating the p+ field stop region with increased 

stress time. This will have little effect on the junction 

characteristics due to high p+ doping concentration.  

Although the temperature dependent hydrogen bond 

model (the formation of B-H complexes) cannot be 

completely discounted, it is postulated that the most likely 

source of degradation is the interface / defect states that 

remain due to the hydrogen-bond dissociation. These mid-

band defects left behind after hydrogen dissociation and 

diffusion out of the high field region may introduce a trap-

assisted tunnelling (TAT) current, in addition to the existing 

direct tunnelling current associated with operating voltages 

below 4Eg/q and in the transition region below 6Eg/q [25]. 

The rate of degradation is expected to decrease as the 

finite number of hydrogen bonds are depleted over time. 

Hydrogen dissociation and formation of defect states are 

expected to follow the form of a decaying exponential [25]. 

The same decaying exponential will also govern the 

reformation of B-H complexes. The decreased rate of 

degradation with stress time is confirmed in this work. The 

rate of interface state generation (dNit/dt) can be expressed as 

[19]: 
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where K and B are fitting constants, N is the total number 

of states that can be generated, Nit is the number of created 

states, Jst is the stress current density, φit is the critical energy 

required to induce bond breakage, k is the Boltzmann 

constant, Te is the electron temperature estimated using an 

approximation based on the electric field and the scattering 

mean free path, and DH and XH are the effective diffusion 

coefficient and effective diffusion length of hydrogen, 

respectively.  
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The first term in equation (1) depicts the rate of state 

generation dependent on the stress current density and 

electron temperature. It is later shown in this work that the 

degradation rate is a strong function of stress current density. 

The second term in equation (1) depicts the healing due to 

formation of Si-H bonds from diffusive hydrogen (re-

passivation of the dangling Si bonds). The reduced rate of 

degradation over time may be explained by 1) the interplay 

between the first (generation) term and second (healing) term 

in equation (1), and 2) the decaying number of bonds that are 

dissociated (N-Nit). 

III. METHODOLOGY 

A. Polysilicon light emitting devices 

The polysilicon light emitters implemented in this work 

utilises electric field reach-through to maintain an operating 

voltage below 5 V, forcing the device to operate in a mixed-

mode region with competing tunnelling and avalanche 

breakdown mechanisms [4].  

 
Fig. 1. Light emitter used for degradation and reliability analysis. (a) 
Polysilicon light emitting finger device. (b) Circular BEOL reflector used 
to direct the generated light to exit the chip surface. 

 

Fig. 1 (a) depicts the implemented light emitter, with Fig. 

1 (b) illustrating the cross-sectional view of the circular back-

end-of-line (BEOL) reflector implemented to achieve a 

repeatable emission angle of 18.78±1.94° (sample size = 10 

devices) and improve the light extraction efficiency.  

The light emitter design parameters, xsep and xwidth, and the 

reflector design parameters, θREFL and sCNT, are presented in 

Table 1. The light emitter design parameters were chosen 

based on the outcomes of an empirical study. The reflector 

design parameters were determined through a subsequent 

empirical study making use of the chosen emitter design from 

the first study and altering only reflector design parameters. 

The outcomes, properties and performance of the devices 

from the empirical studies are out of scope for this work and 

will be reported elsewhere. The best light emitter from the 

empirical studies was chosen for the degradation and 

reliability studies.  

The single element emitter, together with a circular BEOL 

reflector, forms the fundamental building block with which a 

1024 element parallel array was constructed.  

The light emitting array was designed to be safely stressed 

with a DC current of up to 80 mA, with a typical operating 

current of 40 mA. The metal layers used to convey the stress 

current to the light emitting array were overdesigned by 

taking the foundry electromigration rules into account to 

isolate the degradation to only the light emitting array.  

 



6 
 

B. Experimental setup 

A stress current and temperature stress were applied to the 

devices due to the unknown nature of the expected 

degradation of the polysilicon light emitters. The high 

temperature operating life (HTOL) tests were carried out 

according to the JEDEC standardized test method for 

temperature, bias and operating life [26]. The test parameters 

used are summarized in Table 2. 

A total of 48 devices located on 24 chips were stressed at 

12 unique stress points (4 stress current points and 3 stress 

temperature points). The DC stress currents were applied to 

each light emitting array using calibrated current sources.  

Table 1. Design parameters of the light source and BEOL reflector used 
in the reliability study 

Parameter Symbol Value 
Separation distance xsep 200 nm 
Finger width xwidth 650 nm 
Reflector angle θREFL 30 ° 
Contact spacing sCNT 2.25 μm

 

Table 2. Test parameters used in the HTOL tests 

Parameter Value 
Number of elements 1024 
Temperature stress conditions (NT = 3) 100, 125, 150 °C
Current bias stress conditions (NI = 4) 40, 53, 66, 80 mA
Unique stress points NS = NT × NI = 12
Sample size 4 × NS = 48 
Devices per chip 2 
Number of chips tested 24 
Measurement intervals (tstress) 0, 12, 36, 60, 84, 132, 196, 

340, 508, 746, 1010 hours
Failure threshold 20% degradation in intensity

 

The temperature stress was applied using calibrated 

temperature-controlled ovens, accurate to within ±1 °C from 

the setpoint. The applied current and temperature stress were 

removed at the specified intervals, and its electrical and 

optical characteristics were determined, in accordance with 

the JEDEC standardised test method [26]. 

C. Analysis methods 

In order to investigate the lifetime of the polysilicon 

emitters and to ascertain the dependence on applied stress 

conditions, Black’s equation, conventionally used for failure 

modelling due to electromigration, was used to determine the 

mean time to failure (MTTF) [27], 

 𝑀𝑇𝑇𝐹 ൌ
஺

௃ಿ 𝑒𝑥𝑝 ቀ
ாಲ

௞்
ቁ (2) 

 

where, J is the stress current density, k the Boltzmann 

constant (8.617×10-5 eV/K), T the temperature (in K), EA the 

activation energy (in eV), N a model parameter, and A a 

scaling constant. This equation is identical to the Eyring 

model for MTTF due to HCD in n-channel MOSFETs [28]. 

Two dataset types may be extracted using the presented 

experimental setup to distinguish the effect of applied current 

and temperature stress from each other. Taking the natural 

logarithm on both sides, the parameters N and EA may be 

extracted by using datasets of constant temperature and 

constant current [29]. 

The polysilicon light emitter used in this work operates in 

the reach-through regime, where an EPE trade-off is 

introduced by weighing the operating voltage against the 

optical output power. However, reducing the operating 

voltage below 6Eg/q causes non-radiative field emission or 

tunnelling to be more pronounced [25]. When operating the 

emitters below this threshold voltage, the tunnelling and 

avalanche mechanisms compete for available carriers, hence 

operating in the so-called mixed-mode regime. Three 

methods will be used to investigate and quantify the change 
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in junction characteristics due to the shift in dominance 

between the tunnelling and avalanche mechanisms.  

The first method used to investigate the mixed-mode 

operation is based on the assumption that only the linear 

avalanche current component (due to impact ionization) 

contributes to the measurable light emission [30]. The light 

generating current in the linear region (at higher operating 

currents) is extrapolated back to lower operating currents, 

from which the non-linear tunnel current may be extracted. 

The second method used to investigate junctions 

operating in a mixed-mode regime is presented in [30-31]. 

This method determines the dynamic impedance of the 

device, R = dV/dI, to show the asymptotes of the dominant 

tunnelling and avalanche currents. The result of this 

illustration is a clear depiction of the transition between 

tunnelling dominant (low voltage, low current) and an 

avalanche dominant (high voltage, high current) operation. 

The asymptote that depicts the dependence of the dominant 

tunnel resistance (rT) on the tunnel current (IT) is expressed 

as [30]:  

 𝑟 ൌ 𝐶்𝐼்
௠೅ (3) 

 

where the model fitting parameters mT and CT may be 

extracted. The same equation is also used to extract the 

asymptote fitting parameters for the avalanche dominant 

current. 

The last method utilised to investigate the mixed-mode 

junction's breakdown mechanisms entails a look into the 

change in the temperature coefficient (TC) of the light 

emitting device's electrical characteristics. Tunnelling is 

well-known to have a negative TC (in mV/°C), with 

avalanche having a positive TC [25]. 

 

IV. RESULTS AND DISCUSSION 

Fig. 2 shows the mean degradation in optical output 

power, measured at a stress temperature of 150 °C, over the 

total stress time of 1010 hours for different applied stress 

currents (Istress).  

 
Fig. 2. The optical degradation of the polysilicon light emitters stressed 
at 150 °C, over the total measured stress time for the different applied 
stress currents. Power law fitted time dependence of degradation is 
shown.  Sample size = 4 at each stress current. 

 
Fig. 3. The absolute optical degradation (from t0 to t1010) of the 
polysilicon light emitters at different applied stress current and stress 
temperatures (sample size = 4 at each stress temperature). 

A failure threshold of 20% optical degradation from pre-

stress performance is set to allow for lifetime extrapolation 

and model parameter extraction. Fig. 3 shows the mean 
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degradation in optical output power from t0 (0 hours) to t1010 

(1010 hours) at different applied Istress and stress temperatures 

(Tstress), not to be confused with stress time, tstress.  

Three key traits are noticed from Fig. 2 and Fig. 3: 1) a 

strong dependence of the rate and absolute optical intensity 

degradation on the Istress, 2) no clear dependence of the 

degradation on Tstress and 3) the rate of degradation decreases 

with increasing tstress (linear dependence of degradation with 

log(tstress)), with half of the degradation occurring in the first 

60 hours. 

 
Fig. 4. Predicted lifetime of the polysilicon mixed-mode light emitters 
showing a maximum allowable bias current of 27.2 mA for a 10-year 
field life at a typical operating temperature of 40 °C.  

The first trait is noticeable in Fig. 2 as a change in time 

dependence with Istress (change in straight line slope with 

Istress). This power law-like time-dependence has exponent 

values ranging from -0.012 to -0.132 for 40 mA to 80 mA 

stress currents, respectively. The remainder of this section is 

devoted to further explaining these three findings.  

The possible increase in performance noted in Fig. 2 

within the first 100 hours for Istress = 40 mA fall within the 

accuracy of the current optical test setup (< 2.8%). This effect 

does however warrant a future investigation with an 

improved measurement setup. 

A. Lifetime model and stress dependence 

 The extracted lifetime model parameters from 

equation (2) were determined as (EA, N) = (0.035 eV, 7.19). 

These values show a weak dependence on temperature (low 

EA value) and a strong dependence on stress current (high N 

value). The lifetime model based on the extracted model 

parameters is presented in Fig. 4. It shows the stress current 

that may be applied (at 100% duty cycle) to maintain the 

required performance level (less than 20% degradation in 

optical output power) over time at a typical operating 

temperature of 40 °C. The model closely matches that of a 

basic power law due to the high N and low EA values.  The EA 

of 0.035 eV reduces the MTTF by ~10% due to an increase 

in temperature from 100 °C to 150 °C. 

B. Temperature dependence of HCD 

The temperature dependence of the degradation due to 

increased interface state generation as described in [19] is not 

seen in this work. From the first term of equation (1) the Te is 

expected to introduce a noticeable temperature dependence 

of the degradation due to its exponential relationship with 

defect state generation. The maximum Te value was 

calculated to be more than 3000 K for a device operating in 

strong avalanche [32], with the lattice temperature (at room 

temperature operation and no significant self-heating) 

approximately 10% of the electron temperature. This 

dependence of Te on the lattice temperature or Tstress was not 

seen in this work. However, it was shown in [33] that the 
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temperature dependence of HCD is significantly more 

intricate than this and depends on the bond breakage 

mechanisms at play, the stress temperature as well as the 

operating voltage. Therefore, the model presented in 

equation (1) does not adequately capture the temperature 

dependence of interface state generation.  

The Si-H bond breakage may occur through either a 

multiple-carrier process via multi vibrational excitation 

(MVE) or a single carrier process via anti-bonding (AB). The 

rate of the AB process is higher and more dominant at higher 

temperatures, whereas at lower temperatures the rate of the 

MVE process is higher and more dominant. The weak Si-H 

bonds are excited with an increase in temperature, lowering 

the typical threshold energy of 2.56 eV required for a single 

carrier bond breakage process, enhancing the AB process. 

Scattering rates for surface scattering and electron-

phonon interactions, increase at elevated temperatures, 

depopulating the high energy tail of the energy distribution 

function (EDF) more efficiently to reduce the rate of bond 

breakage and interface state generation [33]. At the same time 

the AB-process rate may increase with temperature due to 

electron-electron scattering, populating the high energy 

fraction again. This illustrates the strong interplay between 

bond breaking mechanisms with regards to temperature 

dependence of the HCD.  

Higher healing and annealing rates at increased 

temperatures countering the increase in the AB-mechanism 

were shown to decrease the HCD in n-MOSFETs at 125 °C 

compared to room temperature operation [34]. The higher 

stress temperature utilised in this study may therefore 

suppress the HCD and the temperature behaviour thereof. 

At higher operating voltages (and electric field), carriers 

attain more energy, populating the high energy tail of the 

electron EDF to increase the probability of single carrier 

(AB-mechanism) bond breakage. This may explain the 

increase in absolute degradation noticed at higher stress 

currents (and voltages). The temperature dependence of 

HCD, however, was shown in [33] to be dependent on the 

applied stress voltage. The strong coupling between single-

carrier AB and MVE was shown to reduce the temperature 

dependence of the parameter degradation with increased 

operating voltage.  

Therefore, it is argued that the absence of significant 

temperature dependence as seen in this work is due to the 

competing bond breakage mechanisms since the devices 

were 1) stressed at high temperatures (100, 125 and 150 °C) 

and 2) stressed at high currents with corresponding reverse 

voltages in excess of VR > 4 V. A repeat reliability study over 

a wider temperature range (e.g. 25 °C to 125 °C) may 

enlighten the interplay between AB and MVE more clearly 

and provide more information on the temperature 

dependence of the degradation. 

C. Current density dependence of HCD 

The strong degradation dependence on stress current seen 

in this work is consistent with HCD typically associated with 

parameter degradation in n/p-channel MOSFETs, although 
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the lifetime model parameter, N, is higher than what is 

reported for n-channel transistors 2 < N < 4 [28]. This higher 

N value suggests a narrower distribution of characteristic 

times for the bond dissociation process resulting from the 

convolution of the bond dissociation EDF and the carrier 

EDF. Further research and modelling are required to fully 

understand and explain the significantly increased N value. 

The first term in equation (1) depicts the rate of state 

generation with a linear dependency on the applied stress 

current density, Jst. This linear dependency of interface state 

generation on applied stress current density does not translate 

to a linear performance degradation dependency with applied 

stress current when considering a mixed-mode light emitter. 

As shown in the next section, the newly formed interface 

states introduce more tunnelling, which lowers the junction 

potential, the electric field, and the electron temperature. This 

highlights the strong interdependence of the effect of stress 

current density on interface state generation and the change 

in junction characteristics.  

It should be noted, that an increased Istress also implies an 

increase in applied voltage stress. At higher reverse voltages, 

the electric field increases and in turn widens the carrier EDF. 

This widening of the carrier EDF with increased electric field 

is modelled in [3]. This widening implies that more, higher 

energy carriers are available to dissociate the hydrogen 

bonds. It may therefore be considered that the degradation is 

not solely dependent on the Istress, but also on the applied 

voltage stress.  

D. Change in junction characteristics 

An in-depth look at the device junction characteristics is 

required to ascertain a clear understanding of the origin of the 

degradation. The raw measurement data for a light emitter 

array stressed at Tstress = 150 °C and Istress = 80 mA, measured 

at the different tstress intervals is shown in Fig. 5. 

An operating point was arbitrarily chosen as the point at 

which 10% of the maximum optical output power (at t0) is 

achieved to illustrate the change in junction electrical and 

optical characteristics. This operating point is depicted by the 

horizontal dotted line in Fig. 5 (a), and the corresponding 

points marked by ‘×’ in Fig. 5 (b) and Fig. 5 (c). 

 
Fig. 5. Measurement data of a single light emitter stressed at Tstress = 
150 °C and Istress = 80 mA for different tstress intervals. (a) Measured 
optical output power vs. current. (b) Measured electrical characteristics. 
(c) Reduction in EPE seen due to light emitter optical output 
degradation. 

An increased non-linear slope in emission at low currents 

(0 – 40 mA) as well as a delay in the onset of the light 
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emission with increased stress time is noticed in Fig. 5 (a). 

This reduces the light generated at the same operating current 

after the applied stress.  

The soft breakdown characteristic noticed in Fig. 5 (b) and 

the non-linear relationship of the optical output power versus 

current at low operating voltages in Fig. 5 (a), strongly 

suggest the presence of increased tunnelling [30]. The reverse 

voltage, VR, of between 4Eg/q and 6Eg/q also indicates that 

the device is operating in a mixed-mode regime, with 

competing breakdown mechanisms of tunnelling and 

avalanche [25]. The light output becomes measurable 

(> 10 pW, when measured with a calibrated radiometer) with 

3 V < VR < 4 V, which corresponds well with the minimum 

value determined for the onset of impact ionization [30]. Fig. 

5 (c) shows the effect that the reduction in light emission at 

the same operating current has on the EPE of the emitter.  

At low operating voltages, the leakage current increases 

by more than a factor x10 with increasing tstress (from Fig. 

5 (b), at VR = 2 V the leakage current increases from 200 μA 

to 3.6 mA for t0 to t1010). Although not shown here, the 

amount of leakage current at low voltages was also 

determined to be a strong function of applied Istress, inline with 

the increased degradation noticed. An increased leakage 

current was reported in diodes after applying high 

temperature reverse bias (HTRB) stress [35]. The increase in 

the leakage current was attributed to conventional carrier 

generation-recombination in the diode body as well as 

tunnelling due to surface traps (band-to-band tunneling and 

band-to-defect tunneling) which are activated due to HTRB 

stress. An increased leakage current was also shown for 

devices manufactured with an intentional higher defect 

density [36]. It is therefore postulated that additional traps / 

defect sites are activated with increased Istress and tstress due to 

dissociation of weak hydrogen bonds, increasing the 

tunneling mechanisms. The increased contribution of 

tunneling is discussed next. 

Field emission or tunnelling has been argued to be 

non-radiative in nature since the tunnel carriers due to direct 

tunnelling do not undergo band-to-band energy shifts [30]. A 

carrier may, however, tunnel into the high field region and be 

swept up by the high electric field if the depletion region 

width is larger than the carrier tunnelling distance. 

 
Fig. 6. Extracted tunnel and avalanche current using the method 
presented in [36] for unstressed (t0), stressed (t1010) and after-recovery 
devices (t1010*). Data from the light emitter used in Fig. 5. 

These swept up carriers may then proceed to impact 

ionize if the minimum threshold energy is reached and 

generate photons in subsequent transition and recombination 

events.  

Therefore, it is hypothesized that an increase in 

non-radiative tunnelling takes place with increased stress. 

The suspected increased amount of non-radiative tunnelling 

with increased stress may explain the reduction in optical 

output power, the softer breakdown characteristic, the non-
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linear light generation characteristic, and the delay in the 

onset of emission. The three methods introduced earlier to 

examine the mixed-mode junction breakdown are used to 

investigate this hypothesis. Fig. 6 shows the extracted tunnel 

and avalanche currents for unstressed (t0), stressed (t1010) and 

after-recovery (t1010*) devices in accordance with the first 

method introduced [30]. 

Fig. 6 shows a 390% increase in the tunnel current 

component (increasing to 18.8 mA from 4.8 mA) with 

increased tstress, reducing the avalanche current component 

responsible for the radiative mechanisms. 

 

 

 
Fig. 7. Dynamic impedance versus reverse current for unstressed (t0), 
stressed (t1010) and after-recovery (t1010*) devices. Data from the light 
emitter depicted in Fig. 5. 

The reduction in operating voltage at lower currents, the 

delay in onset of light emission and the non-linear light 

generation at low voltages with increased tstress are therefore 

attributed to an increase in tunnelling or field emission, with 

TAT the most likely candidate. Stressed devices which show 

partial recovery after being stored at room temperature for 

several months are also shown (t1010*) and will be discussed 

later. 

The dynamic impedance method [30-31] introduced 

earlier is used to show the transition from tunnel dominant to 

avalanche dominant regions for a non-stressed device (t0) and 

a stressed device (t1010), as illustrated in Fig. 7. The stressed 

device (t1010) starts this transition from tunnelling to 

avalanche dominant regions only at higher operating 

currents, manifesting as a delayed onset of impact ionization.  

The constants for the asymptotes in both the tunnelling 

dominant and avalanche dominant regions are extracted by 

using equation (3). Tunnelling dominant fitting values of 

(CT ; mT) = (14 V; -0.46) have been extracted from the 

measured data. The value of mT is higher when compared to 

the silicon diode of [31]. The additional tunnelling 

mechanisms involved, as well as the difference in junction 

profiles between this work and [31], may justify the 

difference in mT. The avalanche dominant fitting parameters 

of (CA ; mA) = (0.67 V; -0.7) have also been extracted using 

equation (3). The mA value of -0.7 is larger than the ideal 

value of mA = -1.02 determined for diffused junctions [31]. 

This is expected since the device still operates well below the 

6Eg/q threshold at the maximum current of 80 mA, indicating 

that tunnelling is still involved and not completely avalanche 

dominant. Therefore, the mA value does not capture a pure 

avalanche dominant region relationship where rA is expected 

to be inversely proportional to IA with an mA value close to -1.  

Additionally, the dynamic resistance values of more than 

100 Ω in the Zener tunnelling region and less than 10 Ω in 

the avalanche region corresponds well to what was measured 

in [31]. The increase in operating voltage with tstress at high 
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currents can be ascribed to the increase in dynamic resistivity, 

increasing from 3.8 Ω at t0 to 6.5 Ω at t1010. It is expected that 

the resistivity should increase due to the generation of 

additional defects, increasing the amount of scattering events, 

that in turn increases the effective resistance of the material. 

The last method used to validate the hypothesis was to 

investigate the TCs of stressed and unstressed devices. Fig. 8 

depicts the change in TCs for different amounts of applied 

stress.  

For the unstressed device, the competing mechanisms' 

TCs cancel out at ~63.5 mA, transitioning from the tunnel 

dominant region into an avalanche dominant region. The 

stressed devices show more negative TC values and do not 

reach an equilibrium point within the measurement range. 

 
Fig. 8. Temperature coefficients of stressed (t1010) and unstressed (t0) 
light emitters showing the increased tunnelling component in the 
measurement range. Data from three different devices (Istress = 80 mA 
from Fig. 5). 

Comparing the traces with different applied Istress (40 mA 

vs. 80 mA), also predictably shows an increase in the tunnel 

current component (more negative temperature coefficient) 

with higher Istress. 

E. Degradation recovery 

Partial recovery of the degradation is noticed, presented 

in Fig. 6 and Fig. 7 (traces marked as 1010 hours*), after 

devices have been left at room temperature for several 

months. It is expected that any trapped charge in the oxide 

may escape over time due to thermal processes (walkout 

recovery), even if it is not the dominant degradation 

mechanism due to the absence of a field gradient in the oxide 

(no field plate). The reduction in charge accumulation close 

to the metallurgical junction due to recovery causes the 

surface potential to partially return to the pre-stressed value. 

Additionally, the temperature-dependent reformation of 

Si-H bonds may also be responsible for the partial 

degradation recovery. As discussed, H+ ions will diffuse 

away from the Si:SiO2 interface having a higher 

concentration of hydrogen. 

Table 3. Stress currents and junction properties of comparative work. 

Reference Junction 
type 

Combined 
junction length  
(μm) 

Stress current per 
unit length 
(mA/μm)

[11] p+n 47.6 0.21
[12] n+p 1500 0.014
[13] – low stress n+p 1500 0.016
[13] – high stress n+p 1500 0.023
This work n+p 665 0.06 – 0.12

 

This results in less unbound diffusive hydrogen available 

at the interface to heal the dangling bonds than what was 

originally created through dissociation under the high electric 

field, possibly explaining the small partial recovery seen over 

time. Fig. 7 illustrates a minor earlier transition from the 

tunnelling dominant region to the avalanche dominant region 

(less tunnelling, less interface states / defects) for the after-

recovery device.  Fig. 6 quantifies the recovery by showing a 
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6.8% reduction in the tunnel current component after 

recovery. 

V. COMPARISON WITH PREVIOUS RELIABILITY STUDIES 

The most conclusive studies into silicon light emitter 

degradation to date were performed on the emitter-base 

junction of a 2N2222 transistor [12-13]. Both studies show 

changes in the light emission areas and patterns at low stress 

currents. However, no clear degradation is noticed when 

considering the total emission intensity. Light coalescence is 

observed, showing increased emission from certain sites, and 

diminishing emission at other sites due to the localized 

nonuniform breakdown along the junction. It was further 

shown that no light coalescence or degradation in light 

intensity is noticed at high stress currents [13]. 

The transistor junction device presented in [12] and [13] 

may not experience the same dominant degradation 

mechanism as presented in this work due to its 

implementation in the Si-bulk with less defects in the vicinity 

of the high field region. The hydrogen bond model and 

formation of B-H complexes was postulated to be the 

dominant mechanism that explains the behaviour of the bulk-

based, long length 2N2222 base-emitter junctions. 

Another, more recent reliability study was conducted on 

a p+n bulk-based silicon light emitter implemented in a 65 nm 

CMOS technology [11]. No noticeable degradation in total 

intensity was observed when applying a stress current of 

10 mA at 100 °C for 30 hours. The key parameters of this 

study and the previously mentioned transistor-based studies 

are depicted in Table 3 in relation to the work presented in 

this paper. 

The studies presented in [12] and [13] did not stress the 

devices as severely as in this work or as in [11], which may 

explain why no degradation in optical output intensity was 

noticed with increased tstress when considering the applied 

stress per unit length. The stress current used in [11] to stress 

the p+n junction is almost double to what was used in this 

work, therefore suitably high to accelerate degradation due to 

hydrogen bond dissociation. These p+n devices are less prone 

to changing electrical or emission characteristics according 

to the hydrogen bond model because the B-H bonds cannot 

form in the low doped n-type drift region. The B-H 

complexes may still form in the p+ region, but this will not 

significantly affect the field profile or depletion region 

provided that the p+ acceptor doping concentration remains 

much larger than the n donor doping concentration. 

Implementing the light emitter in the polysilicon layer of 

a standard CMOS process causes the emitter to be fully 

encapsulated in SiO2, creating additional Si:SiO2 interfaces 

compared to equivalent bulk-based devices. This increases 

the amount of weak hydrogen bonds that can be dissociated 

from polysilicon devices upon bombardment by the hot 

carriers. The amount of available hydrogen bonds is further 

increased due to the presence of grain boundaries in the 

polysilicon material. Additionally, the Si:SiO2 interface of 

bulk-based devices as presented in [11-13], contains fewer 

defects and weak hydrogen bonds. This bulk-Si:SiO2 

interface is critical for repeatable and reliable transistor 



15 
 

performance in a CMOS process, necessitating thin oxide 

formation by making use of dry thermal oxides. The reduced 

Si-H bond availability goes some way in explaining why 

other authors [11-13] do not see any significant degradation, 

either from the formation of B-H complexes or the increase 

in interface states. 

Finally, all of the devices presented in [11-13] operate in 

strong avalanche, with VR in excess of 6Eg/q, where the 

avalanche current is expected to far outweigh the non-

radiative tunnelling component even after degradation. This 

will result in negligible degradation in optical intensity due 

to an increase in tunnelling current. 

VI. CONCLUSIONS AND OUTLOOK 

Degradation in optical output power with increased stress 

has been noticed in polysilicon light emitters operating in a 

mixed-mode regime. In this work, a high dependence on 

stress current and a low dependence on stress temperature on 

the rate and amount of degradation are shown. The 

dissociation of hydrogen at the Si:SiO2 interfaces and the 

formation of interface states are presented as a plausible 

mechanism to account for the increased non-radiative 

tunnelling component, and reduced radiative avalanching 

current measured in the light emitting devices.  

Even though severe degradation has been noticed at high 

stress currents, a lifetime curve and model are presented 

allowing the design with polysilicon light emitters with 

performance over an expected lifetime in mind. The 

presented polysilicon devices are shown to able to be reliably 

implemented in a standard 0.35 μm CMOS process for 

operation at lower current densities, with a 10-year operating 

life expectancy at a 100% duty cycle current of 27.2 mA for 

the 1024-element parallel array used in this work. 

In this work it is hypothesized that the number of defects 

or interface states increase due to hot carrier stress. A future 

investigation into the change in emission spectrum with hot 

carrier stress at high and low temperatures could possibly 

show this correlation. It would also be valuable to repeat this 

work in reciprocal p+n type polysilicon light emitting 

devices, although not manufacturable in the 0.35 μm CMOS 

process utilized in this work.  

Although not clearly notice in this work, the effect of 

time-0 variability or process variations could also be 

investigated by intentionally altering the design parameters, 

xsep and xwidth. These parameters strongly affect the initial 

amount of tunnelling present in the device operating in 

electric field reach-through, and may therefore also impact 

the rate and absolute amount of degradation. 

These additional investigations may further reinforce the 

presented hypothesis that interface state generation due to hot 

carrier bombardment and the resulting increased tunnelling 

probability are the dominant mechanisms degrading mixed-

mode polysilicon light emitter performance. 
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