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The traditional industry-accepted method of determining the lifetime of a 

semiconductor is based-on acceleration aging through elevated operating temperatures.  

As the semiconductor technology advances, the determination of device lifetime have 

yielded unrealistic mean time to failure (MTTF) measurements.  High temperature 

testing does not necessarily manifest all the failure mechanisms that reduce reliability.  

In order to understand defects that are indeed failure mechanisms requires special tools 

and different ways of testing.   

To further the understanding and identification of failure mechanisms in 

semiconductor devices we introduced the combination of electrical and optical 

characterization and stress testing.  A new tool has been designed and realized that not 

only performs a suite of electrical tests, but adds optical pumping capabilities.  The 

band-gap of materials like GaN is wide enough that light from the visible spectrum can 

pump trap energies within the band-gap providing the opportunity to identify defects that 

have below band-gap energy levels.  By employing optical pumping as an excitation 

method, the response can be measured electrically resulting in a flexible tool to 

characterize defects.  Since some defects merely affect performance and not 
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necessarily reliability, the ultimate goal is to provide a tool that will help identify the 

correlation between defects and reliability. 

AlGaN/GaN High Electron Mobility Transistors (HEMTs) were electrically 

stressed under on-state (VG = 0), off-state (VG <= VTH) and semi-on conditions  

(VG = -2V) and characterized using optical pumping methods that are indicators of a 

change in trap density as a result of electrical stressing, since the energy from a specific 

wavelength of light fills traps whose activation energies are less than or equal to that of 

the light source. Changes in trap densities were minimal after both off-state and on-

state stressing but significant trap creation was observed in HEMTs exhibiting gradual 

degradation during stressing.  Additional testing on transmission line modules yielded 

no degradation, suggesting the degradation in the HEMTs is related to the gate’s 

interaction with the channel. 

From the optical pumping characterization data, using a sum-of-exponential 

curve fitting algorithm and Arrhenius analysis, the activation energy of traps can be 

determined by photoexciting with sub band-gap illumination. Specifically, we found traps 

at 0.14eV, 0.92eV and 0.96eV relative to EC that correspond to substitutional point 

defect CGa (0.14eV), and antisite NGa (~0.92eV) and the VNH complex (~0.96eV). 
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CHAPTER 1 
INTRODUCTION 

Motivation 

Semiconductor devices have arguably made the most significant contribution to 

technology in the past fifty years.  Advances in technology have provided not just 

bigger-better-faster/smaller-lighter-easier, but more reliable and consistently functioning 

things: cars almost always start on first turn of the key; televisions provide beautiful 

images instantly time and again.  A large part of these improvements in reliability can be 

attributed to the associated improvements in semiconductor device reliability.   

As the understanding of semiconductor materials advance, we must consider the 

feasibility, capability, and finally its reliability.  With regards to the feasibility, does the 

physics allow us to make it?  If the physics allow it, can it actually be realized with the 

state-of-the-art tools?  If we have the technology to create it, can it be made to work 

consistently, constantly, and reliably? 

The capability of growing and characterizing GaN material dates back into the 

1960s [1] with the first reported light emitting diode (LED)  fabricated in 1971 by 

Pankove et al. [2].  The utility of GaN was proven with the maturation of LED technology 

in the 1990s [3] and is now considered to be reliable enough to be used in many 

applications, including visible/white lighting and Blu-ray DVDs.  The high-power, high-

frequency and high-temperature capabilities of GaN as a transistor is currently limited 

by the fact it has not yet reached the reliability of other semiconductor materials such as 

silicon or gallium arsenide [3–25]. 

The industry accepted method of determining the lifetime of a semiconductor is 

based-on accelerated aging through elevated operating temperatures.  This method has 
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been used for many years in the silicon industry, but numerous accelerated stress tests 

at 200°C on AlGaN/GaN high electron mobility transistors (HEMTs) have yielded a 

mean time to failure (MTTF) exceeding 106 hours [8], which does not correspond to 

actual experience.  Evidently, high temperature testing does not necessarily reproduce 

the mechanisms controlling reliability in AlGaN/GaN HEMTs, and since AlGaN/GaN 

HEMTs function with many defects, it is a challenge to draw a connection between 

specific defects and reliability.  The reported research has yet to conclusively determine 

the dominant degradation mechanisms of the devices that result in failure under specific 

operating conditions in the field.   In order to understand the role of defects in 

AlGaN/GaN HEMT failure mechanisms will require special tools and different ways of 

testing.   

Research Objectives 

The purpose of this research is to further the understanding and identification of 

failure mechanisms in GaN-based transistors using a combination of electrical and 

optical characterization and stress testing.  In order to do this, a new tool has been 

designed and realized that not only performs the full suite of electrical tests, but adds 

optical pumping capabilities.  The band-gap of GaN is wide enough that light from the 

visible spectrum can pump trap energies within the band-gap providing the opportunity 

to identify defects that have below band-gap energy levels.  With the availability of diode 

laser sources at different wavelengths in the visible spectrum, these new methods can 

be based on readily available components.  By employing optical pumping as an 

excitation method, the response can be measured electrically, resulting in a flexible tool 

to characterize defects.  Since some defects merely affect performance and not 
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necessarily reliability, the ultimate goal is to provide a tool that will help identify the 

correlation between defects and reliability. 

Dissertation Outline 

The main focus of this work is to investigate trapping effects in GaN based 

HEMTs and how traps affect reliability.  The investigation begins in Chapter 2 with a 

discussion providing background on traps, trap-detection methods, and how the 

generation of traps degrades reliability.  Chapter 3 describes the development of the 

system that was realized for electrically and optically characterizing and stressing 

devices.  In Chapter 4 the focus is on the devices that were electrically stressed using 

the developed system.  Optical pumping characterization of the devices stressed in 

Chapter 4 is presented in Chapter 5.  Chapter 6 concludes this body of work, and 

presents ideas for on-going work. 
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CHAPTER 2 
BACKGROUND 

Gallium Nitride HEMTs 

The first reported GaN HEMT dates back to 1993 by Kahn [4] after sufficiently 

high quality heteroepitaxial films were realized, but these devices did not reach the 

commercial market until 2006 [26].  Developments have continued, mainly driven by the 

need for high power communication systems at microwave frequencies for telecom, 

military, and aerospace applications.  GaN is an attractive material for such applications 

because of its high-power and high-temperature capabilities, its wide band-gap (3.4eV), 

large breakdown field (~5x106 V/cm), excellent electron transport properties (mobilities 

greater than 2000 cm2/V-s), and its thermal stability. 

The HEMT is a field effect transistor incorporating a junction between two 

materials with different band-gaps, the heterojunction, creating a two-dimensional 

electron gas (2DEG), as the channel.  Its invention is attributed to Takashi Mimura in 

1980 [27]  using an As/AlGaAs device.  The spontaneous polarization in III-V nitrides, 

not present in other III-V materials, allows for much larger 2DEG formation than GaAs 

without additional doping.  As a result, the mobility increases since there is no scattering 

of electrons by ionized dopants.  Figure 2-1 shows the most common heterojunction in 

GaN HEMTs is created between the GaN bulk and a thin layer of Aluminum Gallium 

Nitride (AlGaN).  

Similar to a traditional FET, the HEMT is comprised of a gate, a drain, and a 

source contact.  Current flows from drain to source (electron flow is source to drain) and 

is controlled by the voltage bias on the gate, which uses depletion to pinch-off the 

channel limiting electron flow in the channel.  The contacts on the drain and source are 
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Ohmic allowing for bi-directional current flow and are often comprised of metals such as 

gold and titanium.  The gate is a Schottky contact, preventing outward current flow 

beyond a threshold voltage when breakdown occurs.  The gate contact is generally 

comprised of a stack of metals including gold, platinum, and nickel. 

As the device design and material processing technology for AlGaN/GaN HEMTs 

has matured over the years, several failure mechanisms that limited device lifetime 

have been addressed and improved.  These mechanisms can be grouped together into 

three main categories that affect lifetime: contact degradation, inverse piezoelectric 

effect, and hot electron effects. 

Contact Degradation 

Both Schottky and Ohmic contacts have shown excellent stability below 300°C. 

Piazza et al. have reported an increase in contact resistance and passivation cracking 

due to Ga out-diffusion and Au inter-diffusion after a 100 hour thermal storage test 

stress at 340°C [28]. Nickel based Schottky contacts have been shown to form nickel 

nitrides on GaN at annealing temperatures as low as 200°C, resulting in a significant 

decrease in Schottky barrier height [3]. 

Inverse Piezoelectric Effect 

Because of the piezoelectric nature of AlGaN and GaN, the lattice mismatch 

between the material interfaces results in significant tensile strain.  If the applied electric 

field exceeds a critical voltage, the strained layer will relax through crystallographic 

defect formation.  It is possible that the defects could be electrically active and result in 

device degradation [29], [30]. 

When the electric field is applied under reverse bias conditions and exceeds a 

critical voltage, typically VDG greater than 20V, Joh et al. showed degradation in the 
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drain current with an increase in gate leakage current [31].  The degradation includes a 

remarkable increase in source and drain resistance and a positive shift in the threshold 

voltage.  Because of variations in epi layer and growth uniformity, the critical voltage 

can vary across a wafer. 

Chowdhury et al. reported TEM cross sections of devices after stressing with a 

drain voltage of 40 V and an initial drain current of 250 mA/mm at various base-plate 

temperatures corresponding to junction temperatures of 250 °C, 285 °C, and 320 °C 

derived from device modeling [32].  Although unstressed devices showed no evidence 

of pits or cracks near the edge of the Schottky contact, all stressed devices showed 

evidence of pit-like defects on the drain side of the gate.  With a typical depth of about 

10nm, these pits did not extend beyond the AlGaN layer.  Additionally, crack-like 

defects were found in some of the stressed devices, which appeared to originate at the 

bottom of the pit defect, extending to the heterointerface of the AlGaN/GaN layer and 

occasionally into the GaN buffer.   

Hot Electron Effects 

GaN HEMTs typically operate at very high drain voltages.  Since these devices 

utilize very small gate geometries (sub-micrometer), extremely high electric field values 

result.  Hot electrons are those that have been accelerated in a large electric field, 

resulting in very high kinetic energy. The impact of these hot electrons can result in trap 

formation.  Creation of traps can occur in both the AlGaN layer and the buffer, leading to 

reversible degradation of transconductance and saturated drain current [3].  Traps 

under the region between the gate and drain (ungated region) are formed by hot carrier 

bombardment and can be charged negatively. In addition, the electrons may be trapped 

at the interface between the AlGaN (or GaN cap layer if grown on top) surface and 
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passivation film. Thus, negative charges can be built up in the ungated region between 

the gate and drain and result in an increased surface depletion and a decreased 

channel carrier density, causing reduction in ID [33].  It is widely accepted that high 

electric fields may limit the reliability of GaN HEMTs, due to the generation of traps or 

lattice defects induced by hot electrons [34]. 

Charge Trapping 

An important aspect in determining reliability is the identification of defects in the 

semiconductor devices. Since there is not a commercial source of large area, cheap 

and uniform bulk GaN substrates, AlGaN/GaN HEMTs are typically grown on Si, SiC, or 

sapphire wafers, resulting in lattice mismatches that lead to significant biaxial strain and 

high densities of extended defects.  These defects are in some cases, electrically active 

and contribute to carrier trapping that adversely affects the device’s performance.  

Trapped electrons change the electrostatics and may deplete the channel carrier 

concentration in the extrinsic drain, resulting in a reduction of the drain current [35] 

Point defects can be in the form of a substitutional (O on a Ga or N site), 

interstitial (O between a Ga and N site), or vacancy (a missing Ga or N atom in the 

crystal) and complexes thereof.  Examples of structural defects include stacking faults 

and edge dislocations.  A perfect crystal structure consists of a valence band, a 

conduction band and no energy levels within the band gap.  Energy levels that appear 

within the band gap are commonly known as traps that are deep-level impurities or 

defects.  Traps may act as recombination centers when there are excess carriers in the 

semiconductor and as generation centers when the carrier density is below its 

equilibrium level.  In HEMTs, traps are undesirable and can affect device performance 

and reliability.  As a result it is important to detect traps and track their creation.  If a trap 
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type can be identified as affecting reliability, then opportunities to eliminate it can be 

explored. 

Trap Detection Techniques 

Since the focus of this work concerns charge trapping, different trap detection 

techniques are reviewed.  The most widely used techniques for the characterization of 

trapping phenomena in GaN HEMTs are discussed [34]. 

DLTS 

Deep-Level Transient Spectroscopy (DLTS) is a popular method that provides 

insight into the electrical character of point defects [36–39].  This method biases a p-n 

junction or a Schottky barrier into depletion, causing defects above the Fermi-level to 

release their electrons.  A charging pulse that reduces the reverse bias across the 

junction fills some of the previously emptied traps and increases the junction 

capacitance.  Once the charging pulse ends, trapped electrons are freed at a rate 

dependent on the energy level of the trap and this reflected the rate at which the 

capacitance returns to equilibrium.  The change in capacitance over time is measured 

over a temperature range.  An Arrhenius plot is generated from the collected 

measurements and activation energies of the traps can be determined.  

There have been several enhancements to the original DLTS method, developed 

by Lang in 1974 [39].  The refinements range from Double-Correlation DLTS (D-DLTS) 

where two charge pulses are applied [40] to constant-capacitance DLTS (CC-DLTS) 

where the capacitance is held constant during the carrier emission measurement by 

varying the voltage [41], and to isothermal DLTS where the temperature is held constant 

and the sampling time is varied [42].   
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Other improvements utilize computer-driven signal processing techniques.  Since 

the entire transient is captured by a computer, only one temperature sweep is required.  

The sampled waveform is processed to determine if the signal is exponential with fast 

Fourier transforms [43], Laplace transforms [44], and other pattern matching 

techniques.  These improvements can have an order of magnitude (dependent on 

signal to noise ratio) increase in energy resolution (a few meV) over conventional DLTS, 

thus the ability to distinguish very similar signals. 

C-DLTS. Capacitance deep-level transient spectroscopy is based on the analysis 

of the gate capacitance transient induced by a steep voltage variation. This technique 

provides information on the properties of the traps located under the gate of the 

transistors. The main disadvantage of C-DLTS is that it cannot be used when the gate 

area of the devices is too small for standard capacitance measurements. 

I-DLTS.  Drain-current deep-level transient spectroscopy analyzes the drain 

current transients as a function of the channel temperature[38]. This technique can 

provide very accurate information on the activation energy and cross section of the trap 

levels that limit the performance of GaN-based transistors. 

Lag measurements 

Lag measurements involve the delayed response of the drain current due to the 

presence of trap states. Gate lag measurements utilize a gate voltage variation, 

whereas drain lag employ a drain voltage variation.  Results of gate or drain lag 

measurements can provide information on the time constants of surface or buffer 

trapping phenomena. 

There are cases when surface traps can exhibit the same response as buffer 

traps when using the capacitive methods and additional measurement is necessary to 
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make the distinction [45], [46].  Faqir et al., [45] used isothermal capacitance transient 

spectroscopy (ICTS) [42] in addition to DLTS to determine the trap locations.  

Alternatively, gate-lag measurements determine surface trap densities [47],  by 

indicating the recharging of traps as a result of variation of the gate voltage and has 

been associated with the ionized donor states located on the surface between gate and 

drain electrodes [35].  Gate lag is responsible for the delayed response of the drain 

current with respect to the gate voltage variation. 

The gate-lag technique involves pulsing the gate voltage from a level below 

pinch-off (VG < Vpinch-off) to an on-state, typically VG=0 in GaN, while measuring the drain 

current response.  The amplitude and duration of the pulse correlated with the drain 

current response indicates different trap energies.  Consider the case where  VG << 

Vpinch-off  then electron tunneling effects increase with the higher field, filling more traps 

and decreasing the current flow through the channel.  As the VG pulse decreases in 

duration, the trap emission time decreases and fewer traps empty.  Mitrofanov [47] 

demonstrated when using transient current spectroscopy (TCS) that observing the 

emission rates can identify different energies of traps that do not have broad emissions. 

Double pulse technique 

The double-pulse technique is based on pulsed ID–VD measurements, which are 

carried out by synchronously pulsing the gate and drain voltage of the transistors [3].  

By double-pulse measurements, it is possible to quantitatively evaluate the current 

collapse in HEMT devices and to compare different devices in terms of charge trapping. 

Current transients 

An alternative to capacitance transient spectroscopy methods is Photoinduced 

Current Transient Spectroscopy (PITS or PICTS). In this method the device under test 
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is stimulated by light, above or below the band-gap, and the current is measured as a 

function of time [48].  Its strength is in its ability to characterize conducting as well as 

semi-insulating substrates 

Luminescence 

As the broad suite of electrical characterization methods discussed above would 

suggest, identifying traps unambiguously is challenging and other techniques are 

needed.  Because GaN and GaAs are direct band-gap materials, optical 

characterization of trap energy levels and densities through luminescence is an 

attractive alternative to electrical methods because they are generally non-contacting, 

non-invasive, and very sensitive.  Most of these approaches have become easy to use 

with automated measurements. 

Luminescence methods detect the photon emissions of electron-hole 

recombination after light absorption.  The type of stimulation differentiates the 

luminescence technique, but they all collect light emitted by recombination as a result of 

the stimulation and have the limitation of not measuring phonon energy due to indirect 

recombination.   

Cathodoluminescence.  CL uses a stream of electrons with a spatial resolution 

down to 1nm.  It is particularly useful for III-V materials due to their high radiative 

recombination rate. CL data is acquired by cooling the sample and collecting the light 

that is emitted [37]. The emission of light is due to the impinging electron beam exciting 

an electron into the conduction band, leaving behind a hole in the valence band. When 

the electron and hole recombine either across the band-gap or between the band edge 

and a deep level, a photon is emitted.  The recombination sites can be from direct band-

to-band, dopant-to-band, donor-acceptor, or from defect transitions in the material. 
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Radiative recombination sites in III-V materials are typically extremely high, particularly 

in GaN, due to high defect densities [49]. An advantage of CL over PL is the ability to 

vary the penetration depth of the incident electrons by varying the electron energy. 

Photoluminescence. PL irradiating the sample with a light source with a 

wavelength that is larger than the band gap of the material under study. The incident 

light generates electron-hole pairs, which then recombine and emit photons with various 

energies dependent up on the process of recombination. For PL, these processes can 

range from intraband transition, free exciton, neutral donor and exciton, ionized donor 

bound exciton, neutral acceptor bound exciton, donor-acceptor pair, Auger transition, 

phonon emission, etc. Emission of photons, observed as luminescence, occurs during 

these processes except for non-radiative recombination sites. 

A variation of photoluminescence is micro-photoluminescence (µPL) which is 

simply PL with spatial resolution (down to the wavelength of the stimulation light) for the 

study of small areas. 

Electroluminescence.  EL is a technique similar to PL and CL in that photon 

emission is used for characterization of radiative recombination in order to determine  

trap formation and defect sites. However unlike PL and CL, there is not an incident  

electron or photon beam that creates electron-hole pairs for recombination. EL uses 

electrical contacts on the semiconductor material and an applied bias. Injection of 

carriers results in electron-hole pair formation, which can in turn lead to photon 

emission. This is particularly useful for III-V materials in order to determine regions of a 

device that have high densities of radiative recombination sites within the active region.   
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Trap Energies 

Luminescence is a powerful tool in detecting and identifying point defects in 

semiconductors, particularly in wide-band-gap devices in which electrical 

characterization is limited because of large activation energies that are beyond the 

reach of thermal excitation.  Point defects in GaN include native isolated defects 

(vacancies, interstitial, and antisites), intentional or unintentional impurities, as well as 

complexes involving different combinations of the isolated defects.  Several groups 

using luminescence techniques have identified the activation energies of a large 

number of different defects. 

Reshchikov and Morkoç [50] presented a comprehensive and critical analysis of 

point defects in GaN, summarized in Figure 2-2.    az-Guerra [51] identified deep 

acceptors containing VGa as the cause of the yellow band centered around 2.26 eV and 

2.07 eV and additionally reports a CN substitutional related emission between 3.2 and 

3.108 eV.  Lui et al. [52] find that stacking faults on the basal plane are responsible for 

the strong emission at 3.14 eV, a-plane stacking faults at 3.33 eV, and partial 

dislocations at 3.29 eV.  It has been reported that possible sources of surface states in 

GaN-based materials are electrically active states at threading dislocations, and 

nitrogen vacancies (VN) and oxygen impurities as shallow surface donors [50].   The 

literature can assist in determining the type of defect based on its activation energy [47], 

[53–67]. 

A surface layer of silicon nitride is the most typical technique to passivate 

electrically active surface states [3], [35], [54], [68–71] with some groups reporting the 

surface passivation reduces electron trapping near the AlGaN surface  [71–73].    The 

passivation of surface traps has generally meant removal of the trap states to prevent 
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charge trapping causing the current dispersion because current levels increase after 

passivation indicating that the 2DEG density increases. 
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Figure 2-1.  Structure of the bulk and channel in a typical AlGaN/GaN HEMT. (A) 
Heterojunction between the AlGaN and GaN layers. (B) Band diagram of 
AlGaN/GaN heterostructure with 2DEG induced in GaN (shaded area). 
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Figure 2-2.  Transition levels for native defects in GaN [68].  The colored boxes 
correspond to the energy range for the wavelength of the displayed color 
(light pink delineates IR). 
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CHAPTER 3 
ELECTRICAL CHARACTERIZATION AND ACCELERATED AGING 

Characterization and Aging Overview 

The definitive test in determining the reliability of a device is to put a statistically 

valid population of devices into operation and simply wait until they fail.  This is not 

practical if the desired life of a device is 100 or even ten years, so techniques have 

been created to accelerate aging and predict lifetimes.   A desired outcome of the aging 

process should expose design weaknesses, allowing for improvements. 

A comprehensive reliability system must include device characterization, an 

important aspect of device testing and the accelerated aging process.  Typically, 

devices are first characterized to ensure that they function as designed as well as 

establishing baselines for comparison during the aging process.  Characterization tests 

could include electrical, thermal, and optical stimulus. 

Electrical Characterization 

Electrical characterization of a semiconductor typically begins with current-

voltage measurements (I-V) on both the drain and the gate.  A drain I-V test holds the 

gate voltage constant, sweeps the drain voltage across a range, and the resulting drain 

current is measured.  Figure 3-1A shows a drain I-V plot where the drain is swept from 0 

to 5 volts and is repeated four times for gate voltages of 0, -1, -2, and -3V.  From this 

plot, saturation currents are observed for each of the gate voltages.  As a device 

degrades, this plot can change showing decreasing saturation currents or an increased 

drain voltage before the current saturates (a flatter curve). 

To generate a transconductance I-V plot, the drain voltage is held constant while 

measuring the drain current’s response to a sweep of the gate voltage, as shown in 
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Figure 3-1B, where VDS=3V and the gate voltage is swept from 2 to 7 volts.  A 

transconductance I-V plot reveals important information about a device under test 

(DUT): 

 drain leakage current for VG < VTH 

 threshold voltage, VTH  

 maximum transconductance (ΔI/ΔV).   

The gate I-V provides information about the gate.  For Schottky gates under 

reverse bias conditions (VG<0) the gate leakage is measured, where an ideal contact 

has no leakage.  Under forward biased the diode characteristics can be determined as 

current flows into the gate. 

Typical Accelerated Stress Protocols 

Typical reliability studies have use the so-called three temperature test, where 

devices are tested at different temperatures and an activation energy (Ea) extracted 

from the relationship  

                           (3-1)  

where t1 and t2 are time to failure at temperatures T1 and T2 and k is Boltzmann’s 

constant.  To overcome the limitations of the Arrhenius extrapolation to determine a 

device’s lifetime, electrical-enhancement must be added at realistic operating 

temperatures.  If temperature is the only accelerant, serious errors in estimating device 

lifetime are not only possible, but are likely.  If more than one degradation mechanism is 

present, testing at high temperature and then extrapolating back to the normal device 

operating temperature may miss the real mechanism that limits the device lifetime at 

that particular temperature.  Additionally, actual failures from the field could be because 
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of other factors, including ESD, capacitor defects, assembly and packaging issues, 

rather than device degradation. 

DC-stress Types 

A device can degrade when it is biased under electrically stressful conditions.   

Figure 3-2 graphically indicates the four testing states that are defined by different bias 

conditions [8]. 

1. High-power State.  
Biased at high current and high voltage. 
Large vertical and lateral fields  

2. ON-state. 
Biased to saturation with high current and low voltage. 
Small vertical and lateral fields  

3. OFF-state. 
Biased at very small current and high voltage.  
Large vertical and lateral fields 

4. VDS=0 state 
Large negative gate voltage with the source and drain shorted at VD=VS=0.    
High vertical field through the barrier and small fields in the channel 

The last two states have the advantage of negligible power dissipation and 

therefore self-heating and the complications of evaluating the junction temperature are 

mitigated. 

A DC-stress test applies a continuous bias for a pre-defined period or until a level 

of degradation is achieved.  The biases can also be applied in periodic fashions as 

shown in Figure 3-3, step-stress, stress-recovery, and step-stress-recovery experiments 

[8].  The step-stress test increases the stress in a step manner over time allowing for 

the observation of degradation.  The stress-recovery experiment applies the stress for a 

specified time and then the device is allowed to rest for a certain period, which is useful 

in situations of prominent trapping.  The step-stress-recovery experiments is a 
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combination of the first two experiments in which stress is applied, then the device is 

allowed to rest, and then the stress is resumed at a higher level. This is useful when 

evaluating trap formation as a result of the stress. 

Certain metrics determine when a DUT has reached a level of degradation and 

can include the following conditions: 

 A drop in drain current 

 A rise in the gate leakage current 

 Changes in source or drain resistance. 

 Shifts in threshold voltage VT 

While under stress, the above conditions can be monitored so that the test ends 

if a specified threshold is exceeded.  This allows for incremental investigation to 

observe changes as the DUT degrades.  In order to monitor the degradation, 

measurements of the DUT are tracked, specifically the voltages and currents on both 

the gate and drain and the temperature of the device.  Other values such as contact 

resistances, threshold voltage, and transconductance are calculated based on these 

measurements, expanding the parameters that can be monitored during a stress test.   

An example of the parameters that can be used is the characterization suite 

developed at MIT [74] used when stressing PHEMTs, described in Table 3-1.  The test 

suite is considered benign since it produces reliable and reproducible measurements 

without affecting the DUT.  These measurements are made every one to two minutes at 

specific bias points that are unique to the DUT and must be determined for each device 

type.  With a suite of parameters, degradation can be evaluated beyond the simple 

measurements of just drain or gate voltage and current.   

Additional work at MIT reflects a refinement in the characterization suite [8].  The 

measurements are broken into two groups, a coarse characterization and a fine 
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characterization.  The course characterization runs quickly and frequently, every one to 

two minutes.  The measurements include VT, IDMAX, RD, and IGoff.  The fine 

characterization adds complete I–V characteristics, and runs at the beginning and at the 

end of an experiment, about every 20 minutes, or at other significant times during an 

experiment. 

In addition to exclusive DC testing, radio frequency (RF) signals can be added to 

the DC bias.  RF signals used on AlGaN/GaN HEMTs are generally in the gigahertz 

frequency range and testing with RF greater than 100 GHz is being performed [3], [75].  

The measurement taken during RF tests is generally some form of the DUT’s power-

added efficiency (PAE), which is defined as the ratio of the RF power gain over the DC 

power supplied 

        
             

   
 (3-2)  

Discerning the results of RF lifetime tests (RFLT) is difficult since the decrease in RF 

power output can be the results of many factors [76], unlike DC lifetime tests (DCLT) 

that can specifically stress different parts of the transistor.  The necessity of RFLT is 

somewhat controversial, since DC tests can be applied to the power and voltage ranges 

of an RF test [77] and understanding the sources and levels of degradation is often 

ambiguous. 

Traditional Test Equipment 

In order to run experiments as previously described, the testing hardware must 

supply stable voltages at high currents.  Additionally, control software coordinates the 

hardware and saves the measurements.  Semiconductor parameter analyzers (SPA) 

available through companies like Keithley and Agilent are designed for to make 
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measurements on semiconductors and meet the demands for high power.  A high 

power device can draw a couple of amps at voltages that may exceed 100V.  

Conversely, the gate current measurement requires precision in the nano-amp range.  

Generalized software interfaces such as Agilent’s VEE provide the flexibility in 

controlling the hardware for most any test type as well as collecting and saving the 

measurement.  These precision instruments are expensive and not economical for long 

term DC stress tests, because this equipment can only test a single device at a time 

and many of the test routines can last several days, weeks, and even months. 

An alternative to using the SPA is a system designed with the sole purpose of 

testing and aging semiconductors.  The industry standard for DCLT and RFLT stations 

is made by Accel RF, the only commercial provider of fully integrated RF accelerated 

life-test/burn-in test systems for compound semiconductor devices.  Their fully 

automated turnkey systems determine RF and DC performance degradation with aging 

to predict life expectancy. 

The RF Automated Accelerated Reliability Test Station (AARTS) systems are 

designed to stress devices with RF, DC, and temperature with each channel having 

independent control.   The RF systems offer the following key features: 

 Up to 36 channels in a 3-bay rack 

 Individual control of each DUTs allows software control of channel temperature 
without requiring constant power dissipation 

 Innovative fixture design that support millimeter-wave operation 

 High RF power capability (up to 20W per channel) 

 Wide range of DC power designs (60W to 400W) 

 The DC AARTS systems are designed to maximize channel density. The DC-
only systems can accommodate a larger number of channels in the same 
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footprint (up to 96 channels maximum) and is lower in cost because expensive 
RF components are not required. 

In addition to their turnkey systems, Accel-RF offers a wide range of standard 

and custom fixture designs.  The fixtures provide a rich test environment for a DUT 

including independent temperature control, gate and drain pulse capabilities, and are 

sealed for environmental/atmospheric isolation (block light and can accommodate N2).  

They require external DC bias and RF signals.  The RF fixtures support millimeter wave 

up to 96GHz. 

The system control software called LifeTest performs the following functions: 

 Calibration of RF, DC, and temperature 

 System configuration, data storage maintenance, GUI parameters 

 Manual control of RF, DC, and temperature 

 Automatically executes the typical steps an operator might perform to get a 
device biased up at temperature and ready for the life test run 

 AutoSequencing controls a variety of complex test sequences. For instance, SPA 
or RF Gain-Compression sweeps may be performed automatically at user-
defined intervals set into an infinite loop, allowing control data to be captured 
during the elapsed time aging process. 

 Life Test Monitoring configures life test runs, supporting different operating 
paradigms for controlling the life testing process, from manual to fully automated 
control. 

 Aggregate analysis tools are data management tools to extract and process data. 
It has incorporated standard failure models (e.g. Lognormal, Weibull, and 
Exponential) so that failure and Arrhenius plots can be created, as well as 
calculate activation energy values directly from the LifeTest data. 

Accel RF offers a complete test system for manufacturers of semiconductors who 

need to test large populations to satisfy the statistics.  Researchers who would like to 

explore alternative ways of testing could be constrained by the pre-programmed testing 
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methods. To incorporate new methods, Accel RF would have to assess the economic 

consequences before investing in the non-recurring engineering costs. 

Reliability Test Station 

In order to accomplish the goal of creating new methods for optically and 

electrically characterizing and stressing semiconductor devices, a unique tool has been 

developed.  An in-house design from off-the shelf parts such as power supplies and 

data-acquisition and control equipment, was preferred over trying to customize a 

commercially available tool.  This in-house design provides the necessary flexibility to 

make adjustments as understanding matures. 

The reliability test station can test several DUTs simultaneously and is scalable 

ranging from a single channel, where one channel controls a single DUT, to a virtually 

unlimited number of channels through expansion with additional hardware.  The 

hardware consists mostly of commercially available biasing sources (typically DC power 

supplies), data acquisition equipment, and optical components.  The custom control 

software that works in conjunction with “glue” hardware brings it all together into a 

cohesive system. 

System Specifications 

A goal of the system was to be able to do all the traditional testing, the electrical 

characteristic and stress testing as described in the previous section.  This means it has 

to characterize a device, electrically stress it, and measure test results.  Periodic 

measurements must be analyzed in real-time during collection to assess the  UT’s 

degradation status, as well as, store them for future analysis. 

All of the system’s electrical functions are fundamentally derived from controlling 

the DUT’s biases and taking measurements of the gate voltage VG, the gate leakage 
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current, IG, the drain voltage VD, the drain current ID, and the temperature of the DUT.  

Its import to note that it is assumed all DUTs are tested in a common-source 

configuration. 

Electrical characterization 

Electrical characterization consists of drain, gate, and transconductance I-V 

plots, from which key measurements like saturation drain current (IDSS), 

transconductance (gm), and threshold voltage (VTH) can be determined.  Measuring the 

data needed to plot I-V curves requires either voltage sweeps of either the drain or the 

gate under benign conditions (low voltages and low power for very short periods of 

time).  In order to maintain benign conditions, the time needed to set the voltage and 

measure it has to be fast enough to minimize the time under any potentially stressful 

bias conditions.  This can be a challenge when using computer-controlled power 

supplies from third party suppliers whose worst case response times to remote 

commands can be as long as 500ms.  For instance, a drain voltage sweep from 0 to 5 

volts in 0.1 increments (50 voltage-set commands) could take as much as 25 seconds 

and if this is performed for five gate voltages, the entire test can take over two minutes.  

A SPA typically performs these sweeps in a few seconds.  Fortunately, the system 

expedites the process by using the data acquisition equipment to read the voltage 

outputs from the power supplies to determine when the set-point is reached, since most 

voltage settings take tens of milliseconds, much less than the worst case specification. 

A pulsed I-V test is similar to gate and drain I-V tests, but instead of applying a 

continuous DC voltage when sweeping, the bias is modulated with a pulse at a specified 

frequency and duty-cycle.  If the gate voltage is pulsed and the drain voltage held 

constant, a gate-lag measurement can be made by observing the delayed response of 
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the channel current.  As described in the previous Chapter, the gate-lag measurement 

is indicative of the presence of surface traps [47].  It also has the added benefit of 

decreasing self-heating, since the DUT is only on for the specified duty cycle.  A typical 

value for duty cycle is ten percent at frequency of 100 kHz, generating a 1µS gate 

pulse.   In a similar fashion, the presence of bulk traps can be measured by holding the 

gate voltage constant and pulsing the drain voltage, and observing the drain current 

response. 

Stress testing 

Once the  UT’s initial characterization baseline values have been established, a 

device will undergo the aging process using electrical stress tests in one of the four bias 

states: ON-state, OFF-state, High-Power-state, and VDS=0-state (see Figure 3-2).  In 

order to do comprehensive testing, the system must be able to test in all the states and 

meet the criteria outlined in Table 3-2.  Both the High-Power and ON states can test 

under constant-voltage or constant-current bias conditions.  Constant drain current 

requires adjustment of the gate voltage. 

A stress test completes when it has run for a specified amount of time or until a 

level of degradation is achieved.  The system regularly measures, calculates, and 

compares in order to determine the current degradation status.  The maximum run-time, 

and the degradation metrics and their levels (deviation from a baseline or absolute 

value) are specified as part of a test definition, such that when exceeded, the stress test 

stops. 

Temperature control and measurement is a crucial aspect of DUT accelerated 

aging.  Since activation energies are determined from Arrhenius data, the temperature 

has to be stable and accurate.  When dealing with power devices, self-heating has a 



 

41 

significant influence on temperature, so the controller must continually monitor and 

adjust for it.  Since temperature is a test parameter, it too can be applied like a bias 

control: constant, step-stress, stress-recovery, and step-stress-recovery. 

In order to increase flexibility, a reliability test is broken down into a sequence of 

steps that control the  UT’s bias levels, temperature, or characterization type.  An 

example of a sequenced stress test is listed below: 

Step 1: Temperature set 100ºC – Wait until steady-state temperature is reached 

Step 2: Gate I-V: VGS = -6 to 2 in 0.1 incr., VDS= 4  

Step 3: Drain I-V: VGS = 0 to -4 in -1 incr., VDS = 0 to 10 in 0.1 incr.   

Step 4: Drain I-V Pulse: VGS = 0 to -4 in -1 incr., VDS = 0 to 10 in 0.1 incr., 1MHz @ 
10% with VOFF=-5 

Step 5: DC Step-stress VGS = 0, VDS = 0 to 50 in 1 incr.  @ 1hour/incr. 
Fail @ ID=30% with baseline=5minutes 
Fail @ RD=10% 

Result data storage 

DC-stress test measurements are taken every second and stored at a user-

defined interval (minimum of a second) in a SQL database for future analysis, whereas 

characterization tests require data points to be measured and stored at the fastest rate 

the system will allow.  Large amounts of data during a stress test can quickly 

accumulate at a rate of 3600 measurements of each point per hour over several days or 

even weeks.  Although large quantities of data allow for precise analysis, it is often a 

burden on computers to process, but through SQL statements, data can be reduced by 

averaging or decimating. 

Optical pumping requires the data acquisition hardware to stream readings so 

there are not any time discontinuities.  Data from these tests are not stored in the SQL 
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database, but in comma-separated text files.  This is a format that is more suitable for 

post-processing and analysis that is not done in an SQL environment. Since the data 

streams are transferred from the data acquisition equipment to the host computer in 

blocks, the data are put into stacks and processed and stored one reading at time. 

System configuration 

Because the system is scalable from one channel up to four, the SQL database 

stores system information.  This information is saved in tables which the system control 

software retrieves providing the necessary configuration information.  The system 

configuration is not hard-coded in the software, so making changes to the system 

hardware is as simple as reflecting the changes in the database tables.  Appendix A is a 

diagram of the database schema and shows the system configuration tables and fields. 

Calibration 

In order to compare the performance of devices, the system must accurately 

measure voltage and current.  Since the data acquisition hardware measures voltages, 

voltage calibration is done at the hardware level.  The only necessary software 

calibration is the conversion of current to voltage. 

Current is determined by measuring the voltage drop across an in-line shunt 

resistor.  There is a trade-off in the size of the in-line resistor.  Smaller resistances are 

desirable to reduce power loss and voltage-drop as currents increase, consequently the 

small voltage drops across the shunt resistors can fall below system noise levels, 

making it difficult to measure very small currents.  Using differential amplifiers as current 

sensors reduces the noise factor significantly, but will introduce a common-mode error, 

e.g., as the voltage of the drain rises to 60V, the current sensor will have a higher output 

for the same current measurement made at 5V.  Additionally, the current sensors 
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introduce a measurement error.  Calibrating the system against a known measurement 

at different bias points corrects for the common-mode and the measurement error.  For 

this system, the known measurement is read from an Agilient 34401 Multimeter with a 

DC current accuracy of 0.01% of reading. 

The offsets are stored in the SQL database and applied to each reading.  Two 

correction factors are applied to each drain current reading.  The first corrects for the 

common-mode voltage and the second is an accuracy correction, ensuring that every 

measurement is the same as the known measurement standard.  Gate current readings 

correct only for the common mode error.  

Some of the data acquisition equipment, the USB oscilloscopes were found to 

have repeatable, but not accurate, voltage measurements.  The measurements were 

within the manufacturer’s specifications, so the control software had to apply correction 

factors to make these devices acceptable for measurement in the system.  Systems 

configurations that use this data acquisition equipment have a third level of correction 

applied. 

Hardware Subsystems 

The overall system is comprised of several different subsystems.  The system 

software ties the subsystems together to create the multi-channel, multi-function 

accelerated aging test system. 

Data acquisition 

The data acquisition system measures the DUT voltages, which includes the 

drain and gate voltages and the voltage outputs of the current sensing amplifiers.  The 

system is flexible enough to support several different commercially available data 
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acquisition units.  This flexibility provides for the variations in the different test stations 

described in the next section. 

Most of the data acquisition hardware is manufactured by National Instruments 

(NI).  NI is widely accepted as a leader in the industry and delivers a robust unit with 

excellent software drivers that integrate into the custom system software.   

NI CDAQ. The CDAQ is a customizable rack of modules.  The racks are 

configured with the following hardware: 

 NI 9224 16 analog output module (±10V @ 20mA): VG bias 

 NI 9205  32 analog voltage input module (±10V, 16bit, 250kSa/s): VG, ID, IG 

 NI 9229  4 analog voltage input module (±60V, 24bit, 50kSa/s): VD 

From a software perspective, the entire rack is sampled as a single unit.  The system 

software queries the CDAQ and reads simultaneously VD, VG, the voltage output of the 

drain current sensor (VID
), and the voltage output of the gate current sensor (VIG

).  

Although each module has its own maximum sampling rate, the combined sampling rate 

of the rack is limited by the slowest module.  The drain voltage module has the slowest 

sampling rate at 50 kSa/s, but does not limit the rack because it has simultaneous 

sampling of all four channels whereas the other modules use a time-division-

multiplexing (TDM) sampling scheme using a single analog to digital converter.  This 

TDM method limits the sampling rate of multiple channels because of the setup time 

between channels.  The tradeoff is between a fast sampling rate and accuracy. 

NI USB-6259.  This unit is monolithic with the following capabilities: 

 4 analog outputs (±10V @ 20mA): VG bias 

 32 analog voltage inputs (±10V, 16bit): VD, VG, ID, IG 

 48 digital input/output controls (5V):  
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 It has a maximum sample rate of 1.5 MSa/s for a single channel or 1 MSa/s/channel, 

i.e., the maximum rate for four channels is 1M ÷ 4 or 250 kSa/s.  Like the CDAQ, the NI 

USB-6259 has a TDM sampling scheme which drastically reduces the sampling rate.  

Because the maximum voltage input is only ±10V an external voltage divider is used to 

reduce the drain voltage input by a factor of eleven. 

NI USB-6366.  The NI USB-6366 is also monolithic with the following 

specifications: 

 2 analog outputs (±10V @ 20mA): VG bias 

 8 analog voltage inputs (±10V, 16bit): VD, VG, ID, IG 

 24 digital input/output controls (5V):  

Because this unit has simultaneous sampling, a dedicated A/D for each channel, the 

setup timing issues with the time-division multiplexed A/ ’s are illuminated and is able 

to sample each channel at the maximum rate of 2 MSa/S.  Because the maximum 

voltage input is only ±10V, an external voltage divider is used to reduce the drain 

voltage input by a factor of eleven. 

HS4 USB oscilloscope.  In order to perform lag measurements, the voltages 

and currents must be sampled at a very high rate, since the gate is modulated with a 

1µs pulse.  It is desirable to sample the drain current response at least ten times for 

each pulse, which would require a 10MHz sampling rate.  These devices have four 

analog voltage inputs (±80V), which is adequate to measure a single channel of VD, VG, 

ID, and IG.  This unit can be configured as a trade-off between sample rate and 

precision.  If high a high-precision sample (16 bits) is desired, the maximum sample rate 

is 195.3125 kHz.  This mode is used when measuring during a DC-stress test or 
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electrical characterization.  When using this to measure during a lag test, the unit is 

configured for high speed (50 MHz) but at only 12 bits of precision. 

Although this unit claims to stream data, it was determined that it has 

discontinuities in that it fails to measure while sending data back to the host computer.  

As a result, these units cannot be used when making optical pumping characterization 

measurements.  A continuous response is important when applying curve fitting 

algorithms to the data, as described in Chapter 5. 

This unit is not linear in its measurements across its voltage ranges.  This 

required software calibration to adjust the readings for accuracy. 

Temperature control 

Each channel has a dedicated, autonomous, PID temperature controller (Oven 

Industries 5R7-002) that reads the temperature of the DUT and maintains the 

temperature using a thermal electric modules (TEMs).  The schematic in Figure 3-4 is 

an overview diagram of the system and the specifications are outlined in Table 3-5.  The 

TEM is a Peltier device manufactured by Laird Technologies (ThermaTEC™  Series 

HT4,12,F2,3030).  The temperature is measured with a thermistor (Oven Industries 

TR165) mounted on the aluminum test block. 

The proportional, integrative, and derivative parameters are programmable on 

this controller and are specific to the application.  The trade-off is the time it takes the 

controller to reach the set-point and how close the temperature fluctuates once it 

reaches the set-point.  The controller regulates the temperature by pulse-width-

modulating the voltage across the TEM.  If the settings allow the controller to reach the 

set-point too quickly, stability is sacrificed and the controller allows the temperature to 

run-away.  The final settings allowed a 150C set-point to be reached in less than 15 
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minutes, with a ±0.25C fluctuation.  At lower temperatures, 40C and lower, the 

controller needed the assistance of a fan on the device to maintain temperature stability.  

The software would also monitor the temperature and would shut-down the controller if 

there as a run-away scenario, typically if the temperature exceeded 2C above the set-

point. 

Optical illumination 

A unique part of the system is the addition of the optical capabilities that enables 

optical characterization and stressing.  Table 3-6 lists the light sources used for these 

experiments, with the corresponding energy and intensity levels.  The lasers in the 

visible range are modified off-the-shelf laser pointers.  The batteries are replaced with a 

DC power supply to maintain constant power output over long periods of time.  Shutters 

are attached to each laser, as shown in Figure 3-5, and are controlled by the system, 

allowing for control as part of an automated test sequence.  To enable precise 

positioning, the visible spectrum lasers were inserted into modified x-y translation 

mounts normally used for lenses.  The HeCd UV laser was permanently mounted and 

stationary on an optical table, along with the x-y translation mounts.  The DUT is set 

vertically on an x-y-z micro positioner. 

It is important to note that the intensity of each laser is different, so direct 

comparison of the response of devices to one particular laser cannot be made to 

another laser of different wavelength.  For example, the drain current response of the 

HEMTs to the violet laser are typically less than that of the blue laser even though the 

there is more energy in violet light.  Since the blue laser has a much higher intensity (5-
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10x more power), it affects traps more effectively within the layer structure.  

Comparisons are only valid for the same wavelength on pre- and post-stressed HEMTs.  

Initially the lasers were controlled by switching their power sources.  Some of the 

higher power lasers have a warm-up time and their output intensities are inconsistent 

for the first several minutes.  To overcome this issue, shutters were added to each laser 

and are controlled by the system. 

Gate pulsing 

Chapter 2 discusses the value of lag measurements in understanding traps.  The 

system interfaces with an arbitrary waveform generator to create gate pulses.  

Measuring the response of the drain current requires high-speed data acquisition in 

order to retrieve enough samples for a consistent measurement.   

Using a 50MHz USB oscilloscope, the drain current is measured across a 50 

power resistor  [12], [47] with a differential probe as shown in Figure 3-6.  The system 

averages the last 20 samples prior to the falling edge of the gate pulse over 50 pulses 

to calculate the drain current reading.   

Test Station Configurations 

Although there are variations, fundamentally, the test system is either controlling 

or acquiring data.  Each channel has a temperature control unit and two DC-power 

sources, one for biasing the gate and the other for the drain.  The data acquisition 

equipment measures the voltage and current of the gate and drain, as well as, the 

 UT’s temperature.  The system is scalable, with each instance of the software 

controlling at most four channels to accommodate more than one stress test at a time 

and to allow for specialized testing through variations in hardware. 
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High-speed, high-voltage configuration 

The high-speed, high-voltage variation shown in Figure 3-6 displays the 

hardware, comprised of two power supplies, a pico-ammeter, and a USB oscilloscope.  

This combination of the different commercially available off-the-shelf instruments 

creates a robust system with accurate measurement, large bias-voltages, and high-

speed measurement. 

All voltage measurements are made directly by the USB oscilloscope and can 

handle voltages as high as ±80 volts.  As the specifications in Table 3-3 show, the USB 

scope is multi-ranged with three different sampling precisions (12-bit, 14-bit, and 16-bit) 

that adjust to accommodate the sampling rate: higher sampling rates have lower 

precisions.  During long term DC stress tests, the system samples every second so it 

takes advantage of the higher precision 16-bit sampling.  This wider sampling precision 

is also applied during characterization measurements since the sample speed is 

dependent on how quickly the power supplies can sweep voltages and not on sample-

rate of the measurement.  When performing gate-lag tests with a narrow gate pulse (1 

µs), the USB scope samples at the maximum speed (up to 50MHz) using the reduced 

sample precision to 12 bits.  The 50MHz sample rate enables the gate pulse widths to 

decrease by orders of magnitude into the nanosecond pulse width range.  

Since the gate current is measured with a Pico-ammeter that has a sample time 

of 15mS, any readings during gate-lag tests are inaccurate and ignored. 

Long-term test configuration 

The long-term test set can stress four devices at a time.  This setup does not 

have all the capabilities of the high-speed, high-voltage set, lacking high-voltage gate 

control with a ±10 volt range and also the data acquisition is limited to 50k samples per 
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second.   Figure 3-7 shows the hardware, comprised of an Instek DC power supply for 

the drain bias, a National Instruments (NI) analog output module serving as the gate 

bias supply, an NI high-voltage input module (±60 volt) that measures the drain voltage, 

and an NI input module to read gate voltages, gate current and the drain current 

measurement.  

Optical pumping configuration 

The optical pumping station, shown in Figure 3-8, has a unique requirement to 

stream continuously at high speeds.  This requirement precludes the data acquisition 

equipment in the long-term station because the TDM sampling is too slow.  The USB 

oscilloscope in the high-speed, high-voltage station is not able to stream continuously 

and sacrifices too much precision to sample fast enough.  The compromise is the NI 

USB-6366 that has 16-bit simultaneous sampling up to 2 MHz.  It uses the Instek power 

supply as the drain bias source.  The NI USB-6366 has digital output controls that are 

used to switch shutters on the different lasers. 

Probe station configuration 

The probe station, Figure 3-9, is a version of the high-speed, high-voltage 

configuration without the gate pulsing capabilities, using a USB oscilloscope for data 

acquisition.  The voltage inputs VD and VG are connected to probes on a probe station, 

allowing unpackaged parts to be tested on the system. 

Software 

The control software that works in conjunction with the hardware is one of the 

unique aspects of this tool.  The control software is PC-based, written in C# using the 

Microsoft Visual Studio development environment, and will run on any operating system 
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that supports the Microsoft .NET framework. Since it is developed in-house there is 

considerable flexibility in tailoring the system to perform a specific task.   

The control software consists of all the drivers for the control and data acquisition 

hardware, the user interface, and data storage.  The NI control and data acquisition 

hardware comes with a robust set of drivers that seamlessly integrate into the 

environment.  Custom drivers were written from the remote communication command 

sets for the drain bias power supplies, the USB scopes, and the temperature controllers. 

An instance of the software controls a maximum of four channels.  Each channel 

tests a single DUT independently with its own set of test parameters.  Every set of the 

software has hardware dedicated to it, specified by the command-line and defined by a 

table in the database. 

The control software accesses a Microsoft SQL Server database where the test 

results, DUT information, and the hardware definitions of each channel are stored.  All 

instances of the application interface with the same database, so all results and setup 

information are stored in one location.  Appendix A shows a diagram of the database 

schema for data storage and system configuration tables. 

User interface and control 

The control software is the most complex and largest part of the system.  It has 

been in development for nearly four years with over 15,000 lines of code.  It is 

composed of several classes which are described in Appendix B.  It executes code in a 

multi-threaded fashion where at any point in time during the application’s execution, 

there are as many as seven user threads running: display thread, storage thread, up to 

four channel threads, data acquisition thread. 
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An intuitive and accessible user interface is necessary for any level of flexibility.  

I-V plots, shown in Figure 3-10, and DC stress results, shown in Figure 3-11, are 

displayed graphically and in real-time.  The graphical data displayed during a long-term 

DC stress test allows the user to view the trends of any of the measured or calculated 

values, such as voltages, currents, contact resistances, etc. The present temperature, 

voltage and current readings are updated every second.  Figure 3-12 is an example 

how a user maps a DUT to a channel by selecting one from a drop-down list.  Once the 

data acquisition system starts, the system configures itself based on the test hardware 

and the selected DUTs.  Since the database stores the constraints of each DUT as well 

as the test equipment, the software can enforce limits so nothing is inadvertently 

damaged.  Over-current and over-voltage limits are programmed into the power 

supplies, which react to damaging conditions instantly. 

The control software interfaces with the bias power supplies and reads the data 

acquisition equipment.  Because each channel is independently controlled, the 

communications have to be either independent or coordinated so they do not interfere.  

Each of the drain bias power supplies and each temperature controller is equipped with 

serial communications capabilities, which allows the computer to communicate with a 

dedicated point-to-point configuration.  In order to accomplish this in a system with 

many channels, the control computer needs many serial ports. Fortunately, there are 

USB peripherals that expand the number of serial ports, thus enabling each channel 

thread to act independently without coordination or concern about interference. 

For equipment that cannot accommodate one-to-one communication, 

coordination is mandatory to eliminate conflicts.  For example, the gate bias control on 
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the NI analog output control module controls the gates for all the channels, so it has to 

be coordinated in the case where two or more channels are attempting to set a gate 

bias, so they do not interfere with each other. 

Coordination of data acquisition requires a separate communications thread that 

continuously reads the data acquisition equipment for each of the autonomous channel 

threads.  When a channel needs data it retrieves the data from the communication loop 

as it becomes available.   

Devices Tab. Figure 3-12 is a screen capture of the device tab.  The screen is 

divided into four sections, one for each channel, since they are individually controlled in 

a separate software thread.  The DUT is selected from a drop-down list of devices 

stored in the database.  The database tracks the device type and additional information 

about the device.  Once a device is selected from the list, the channel is enabled and 

measurements are taken with the data acquisition equipment.  A channel can be 

disabled by deselecting the enabled check box next to the device list. 

Since each device is tested independently, a specific DC stress is defined per 

device.  The system is currently designed for three different DC bias conditions: 

1. Constant VD and VG.  Drain and gate voltages are held constant while currents 
are measured. 

2. Constant VD, and ID.  Drain voltage and current are held constant while the gate 
voltage changes to maintain constant drain current. 

3. Constant PCH and VG.  The gate voltage is constant while VD changes to maintain 
constant channel power dissipation.  The power value is specified by the value in 
the ‘Power’ entry. 

The system determines the DC stress type (constant bias, step stress, step-recovery, or 

cyclic, see Figure 3-3) based-on which values are entered in the test definition. 



 

54 

 Constant DC stress.   
Values entered: VSTART = VEND, On(s) 

If a value greater than zero is entered in the ‘Incr’ entry, the test is divided into 
the number of specified increments.  The length of the increment is determined 
by the value entered in the ‘On(s)’ entry.  By specifying these two values, the 
characterization tests selected in ’@Incr’ entry will be performed at every interval.  
For example in Figure 3-12, on channel one, a gate IV, a transconductance, and 
a drain IV test will be performed on device 1123C every hour for 24 hours.  

 Step stress.  
Values entered: VSTART, VEND, Incr, On(s) 
The bias voltage entered in the VSTART entry is applied for ‘On(s)’ seconds and 
then incremented by the value entered in ‘Incr’ until VEND is reached.  The 
characterization tests selected by ’@Incr’ will be performed at every interval.   

 Step-recovery stress.  
Values entered: VSTART, VEND, Incr, On(s), Off(s), VOFF 
The bias voltage entered in the VSTART entry is applied for ‘On(s)’ seconds 
followed by the voltage entered in the Voff entry for ‘Off(s)’ seconds.   The on-
voltage is then incremented by the value entered in ‘Incr’.  The test ends when 
the on-voltage reaches VEND. The characterization tests selected by ’@Incr’ will 
be performed at every interval. 

 Cyclic stress.  
Values entered: VSTART = VEND, Off(s) , VOFF 
The bias voltage entered in the VSTART entry is applied for ‘On(s)’ seconds 
followed by the voltage entered in the Voff entry for ‘Off(s)’. This continues for 
‘Incr’ intervals.  The characterization tests selected by ’@Incr’ will be performed 
at every interval. 

A stress test ends either when all the intervals have been performed or when 

drain current or the gate current cross a specified threshold.  If a threshold is enabled, a 

baseline measurement is taken after the number of seconds specified in ‘Baseline’ has 

elapsed after the test begins.  A comparison of the present measurement to the 

baseline is made every second.  The test stops if the current measurement exceeds the 

‘%Change’ relative to the baseline for the number of samples specified in ‘ uration’.  

The percent change can be either an increase or decrease, but must last for the number 

of consecutive samples specified in ‘ uration’.  By specifying the duration, a single 

erroneous measurement will not unintentionally stop the test. 
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The ‘Enable DAQ’ button begins a data acquisition thread for each enabled 

channel.  Bias power supplies are initialized and the data acquisition equipment is 

configured.  The system then takes measurements every second for each enabled 

channel and displays them.  These measurements include VD, ID, VG, IG, and 

temperature.  Data are stored in the database only during characterization and stress 

tests. 

If a new device is entered into the database while the software is running, it will 

not appear in the drop-down list until the ‘Refresh  evice Choices’ button is clicked. 

DC Stress Tab.  Figure 3-11 shows the graphs on the DC stress tab.  These 

strip-chart style graphs show the progress of a DC test.  The four different graphs can 

simultaneously show the data from any of the four channels.  The data on the graph is 

selected from the radio buttons: Id, Ig, Vd, Vg, Power, and Temp. 

Additionally on the DC stress tab is a five-deep sequence of DC tests.  The tests 

apply to all enabled channels and cannot be assigned to individual channels.  A 

sequence allows a device to be tested in five different ways sequentially.  Future plans 

will deprecate this function with a more robust and flexible scripting capability. 

Characterization Tab.  Figure 3-10 shows the interface for performing 

characterization tests.  Selecting the test using the radio buttons enables the 

parameters for the test.  The ‘Pmax‘ value, maximum power, must be entered before 

any of the tests will run. 

To perform a drain I-V characterization test, the gate and drain voltage sweep 

parameters are entered.  The test is performed on an individual device basis, by clicking 

the button in the upper right-hand corner of the graph for the DUT listed in the caption 
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above the graph.  Drain I-V tests first sets the gate voltage and then sweeps the drain 

voltage, while measuring the drain current, before incrementing to the next gate voltage. 

Transconductance or ‘Id/Vg’ plots sweep the gate voltage based on the values 

entered, while holding the drain voltage constant. 

Gate I-V tests set the drain bias to zero while sweeping the gate voltage 

specified in the ‘Gate IV’ panel on the characterization tab and measuring the gate 

leakage current. 

The ‘Pulse’ panel on the software interface defines what bias point (gate, drain, 

or both) is pulsed and the definition of the pulse.  The information for the drain and dual 

pulse is for future implementation.  The frequency and duty cycle define the pulse width 

as well as the time between pulses.  The off voltage is the bias applied between pulses.  

The pulsing function only applies to drain I-V and transconductance tests.  

Bias Tab.  The DUT can be biased without having to run a test.  The ‘Bias’ tab 

allows the drain and gate voltages to be individually applied for each channel. 

Calibration Tab.   In order to ensure accuracy, the measurement equipment 

must be calibrated.   The calibration is performed and applied at three different levels. 

1. Current zeroing.  Common mode errors arise when measuring the voltage across 
a shunt resistor.  The common mode voltage is the voltage of the resistor relative 
to the system’s common value.    

2. Drain current accuracy.  To correct any errors when measuring current, an offset 
is applied to every current measurement.  The offsets are determined by applying 
a known current through a shunt resistor and comparing the systems 
measurement with an very accurate digital multimeter. 

3. HS4 voltage accuracy.  The Handyscope HS4 USB Oscilloscopes fails to meet 
the accuracy specifications of the system, but has repeatable, correctable 
measurements.  By applying a known voltage and comparing the HS4 
measurement to a very accurate digital multimeter, an offset is calculated.  The 
offset is stored in the system database and applied to every reading. 
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When performing the current zeroing calibration, the bias voltage is swept from a 

specified start to end voltage with an increment that is selected from a list.  The bias 

circuit is open, thus any current flowing during this calibration would not flow through the 

DUT.  Consequently, any measurement is an error due to the common mode voltage or 

is current that is flowing into the measurement circuitry.  At every voltage during the 

sweep, the current measurement is saved into an offset table that will later be 

subtracted from the total current measurement when a DUT is in the circuit. 

The drain accuracy test employs a high power resistor as the DUT.  The current 

is swept from zero to the specified max value using the selected increment.  A very 

accurate ammeter is included in the circuit and is read by the calibration software.  

Measurements from the ammeter and system are compared, saving the difference 

between the two measurements into an offset table.  Whenever a current measurement 

is made, the offset for that measurement is located in the look-up table and applied to 

correct the inaccuracy.   When the common-mode voltage (zeroing) offset and the 

accuracy offset are applied, the system’s current measurement are the same as the 

high accuracy ammeter. 

In order to make the accuracy of the measurements made by the Handyscope 

HS4 USB oscilloscopes acceptable to the system, an offset has to be applied to each 

reading.  During this calibration, all four inputs of the HS4 are connected to a power 

supply controlled by the system and swept from -60V to +60V in increments of 0.1 volts.  

The measurement is compared to a highly accurate voltage meter and the difference for 

each channel is saved in an offset table.  This offset is applied to every measurement 

made by the HS4 and applied before any common-mode or accuracy offsets are 
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applied.  The other data acquisition equipment from National Instruments proved to 

have the necessary accuracy without needing the application of any correction factors.  

Optical Pumping Tab.   Optical pumping tests are performed differently than 

characterization and DC stress tests.  These tests save every raw sample for post-

processing and accumulate massive amounts of data very quickly when sampling at 

rates of 100kHz or more.  Since the stored samples are raw data and require post-

processing, it was expedient to not store the results in the SQL database but in 

separate text files.  This prevented the database from having to manage the excess 

data and allowed the results from these tests to be saved on external USB drives.   

Figure 3-13 shows the optical pumping interface.  Optical pumping tests operate 

on only one device at a time, so the desired channel is selected from the interface.  The 

gate, drain, and temperature bias conditions are specified, as well as parameters that 

determine how the drain current is displayed on the graph.  The width of the graph is 

configurable by entering the number of minutes in the ‘Win’ entry.  The graph displays 

the most current number of minutes with the older data scrolling off the left of the graph.   

The data displayed on the graph must be averaged to remove random noise.  

The size of the averaging window is configurable through the ‘Avg’ entry. 

Once the bias conditions and the graphing parameters are specified, the bias can 

be applied to the DUT.  The graph displays the drain current as a strip chart.  The optics 

can now be adjusted before performing any tests.  Since the shutters assigned to the 

different lasers are controlled by the system, the test mode is set to manual, allowing 

the shutter to be controlled by the respective button on the interface. 
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Because the system has full control over the recording, biasing, and shuttering, 

the testing can be automated.  The pre-shutter, shutter-open, and the post-shutter 

intervals are configurable.  When a test begins by clicking the ‘Record’ button, the 

system initially prompts the user to the location where the file with the results will be 

stored on the hard disk.  The system begins saving the pre-shutter data to the specified 

file until the pre-shutter time elapses.  The system opens the shutter for the specified 

time and then closes it, but continues to save data until the post-shutter period has 

elapsed.  

Two files are created.  The raw samples of VD, ID, VG, IG, and temperature, are 

stored in a comma-separated-value (CSV).  A text file records the events that happen 

during the recording, marking when the shutter open and closed.  In this text file, the 

user can add tags with a time-stamp to indicate when something of significance may 

have happened.  Notes entered in the description box are stored in the text file. 

To enhance the testing automation, the optical pumping tests are configurable by 

selecting the testing mode from a list. 

 Simultaneous.  When in simultaneous mode, all lasers that have been selected 
are illuminated at the same time during a recording. 

 Sequence.  The sequence mode allows lasers to be illuminated one at time 
starting with the longest wavelength selected and ending with the shortest. For 
example, if Red, Blue, and UV were selected, the sequence would record the 
pre-shutter response, then enable the red laser and disable it after the specified 
shutter-on time.  After completing the post-shutter time, the system would do the 
same thing for blue, then UV.  Three different recordings would be stored in this 
example. 

 Step-up.  The step-up mode functions very similarly to the sequence mode, 
except it does not disable the shutters until the last laser’s shutter-on time has 
elapsed.  In previous example, red would be enabled, then red and blue would 
be enabled, followed by red, blue, and UV all simultaneously enabled. 
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 Step-down.  The step-down mode operates opposite of the step-up mode 
beginning with the shortest wavelength and working towards the longest. 

 Manual.  Manual mode allows users to operate the shutters by clicking the 
respective button.  This is generally used to align the device to the optics. 

 Baseline I.  This mode ignores any buttons selected and will not enable any of 
the shutters.  The baseline current is usually recorded before the DUT has been 
exposed to any illumination. 

Error reporting. While performing a test many anomalies in the system can 

occur that may affect the outcome of the test or report problems in the system.  Since 

many of these conditions are inconsequential to the test they may still be of interest for 

system maintenance.  Simply reporting the message to the screen is not useful unless 

someone is able to view it, and since the system is designed to run long-term tests with 

no user intervention, it is unlikely the message will be seen.  As a result, all anomalies 

are recorded in the Windows logs, available from the computer management 

administrative utilities on the operating system’s control panel.  A system event log 

called MURI exists to store any messages that the system reports. 

Analysis – DataViewer and OptFilter 

Because all test results are stored in a SQL database, the user needs a tool to 

easily retrieve and view the results without having to paste an SQL query result into a 

plotting program.  The Dataviewer provides a graphical interface where a user selects 

the device and the test to view the results.  The user selects the device from the drop 

down and all the tests that pertain to that device are listed in the test dropdown.  Once a 

test is displayed, it can be deleted or exported to a comma-separated-value format so it 

can be imported into a professional plotting program.  
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This application also provides a cursor so particular data points can be identified.  

It also calculates the maximum transconductance value, Gm, and graphically 

determines VTH from the selected Gm value, as shown in Figure 3-14. 

Since this is separate independent application, data from tests can be viewed as 

they are being executed.  This is useful on long term stress tests, when a user wants to 

compare initial characteristic test results with the latest results to determine changes. 

A second application was developed to post-process data from optical pumping 

tests.  When optically pumping all the raw measurements are stored; a record is created 

in a comma-separated-value file for each sample.  Each record has a time stamp, drain 

voltage, drain current, gate voltage, gate current, and base-plate temperature.  The 

typical sample rate when performing these tests is 100 kSa/S, so files grow large very 

quickly.   Because the stored data are raw and unprocessed, post-processing is 

necessary to ‘clean-up’ the data.   

The OptFilter application, reads the raw data files and averages the data over 

time.  Two parameters determine the data averaging.  The first parameter is the 

destination sampling rate, where blocks of data are averaged to a single sample, e. g., if 

the raw data sampling rate was 100k Sa/S and the averaged rate is 1k Sa/S, the 

application averages a block of 100 raw sample into a single sample.  The second 

sample is a boxcar average, similar to the technique used in the original DLTS  

measurement  [39], where current sample is averaged over the previous number of 

specified samples, e. g., if this value is 500, the first 500 samples are averaged to 

determine the first sample, the second sample is the average of the 2nd through 501st 
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sample, the third sample is the average of the 3rd and the 502nd sample, etc.  This has a 

smoothing affect. 

The decision to save the raw data of the optical pumping tests was made to allow 

for variation in filtering and post-processing.  This becomes important when applying 

curve-fitting applications to the data.  High frequency components in abrupt changes in 

the signal can be averaged-out.  Since the raw data are available, different filtering 

techniques can be utilized. 

Device Packaging 

The devices received from the AFRL came as diced, quarter-wafers.  At this 

stage, the only way these devices can be tested was on a probe station.  The electrical 

conductance between the probes and the contacts on the devices can be unreliable 

over a long time.  The alternative is to mount each device into a package and make 

permanent connections to the DUT.  This is the preferred scenario for long term stress 

testing.  

Per the recommendation of the AFRL, the parts were mounted in a Stratedge 

package (pn 580286) and wire-bonded using 50 ohm strips to improve device stability.  

The center pins on this package, those used for the gate and drain connections, 

maintain the 50 ohm transmission line impedance. 

Measurement Circuits 

All electrical measurements are taken from the measurement board that 

connects directly to the DUT board.  Measurements of current are made with differential 

sensors that amplify the differential voltage across shunt resistors located on the 

measurement board.  The connector on the left side of Figure 3-17 is where the DUT 
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board is attached to the system and all cabling from the bias supplies and the data 

acquisition equipment connect on the right side. 

DUT Test Boards 

Since devices are packaged differently with unique pin definitions, the test 

boards are unique to the DUT.  Figure 3-18 shows the board, designed by Cobham 

Sensor Systems, used to test the AFRL HEMTs and has special circuitry to create a 

bias-tee with 50 terminations to maintain device stability.  By separating the DUT 

board from the measurement board, there is flexibility allowing for almost any device 

layout and keeps the measurement calibration consistent. 

Summary 

A comprehensive, yet flexible, semiconductor reliability system has been 

designed and realized.  It is multi-functional in its ability to perform device 

characterization tests and gate lag measurements, as well as several different methods 

of DC-stressing, but its ability to optically characterize and stress makes this a unique 

system.    

The SQL database stores test results, providing flexibility in how data are 

queried.   It also maintains the system configuration information allowing for several 

different system configurations: high-speed/high-voltage, long-term stress, probe, 

optical, and portable. 

By utilizing commercially available data acquisition and power supply equipment, 

the system is open and scalable. 
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Table 3-1.  Characterization test suite used at MIT for stressing PHEMTs 
 

Parameter Definition 

IDmax Drain Current @ VDS=5V and VGS=2V 

RS Source Resistance measured @IG=20mA/mm 

RD Drain Resistance measured @IG=20mA/mm 

RTOT Total Resistance between drain and source with gate floating 

RCH Channel Resistance RTOT - RD - RS 

VT VGS – 0.5VDS when ID = 1mA/mm at VDS = 0.1V 

SS Sub-threshold slope at VDS = 0.1V and ID = 1mA/mm 

DIBL VT|VDS=0.1V - VT|VDS=5V 

gmpk Peak Transconductance dID/dVGS at VDS=5V 

VGpk Gate voltage where gm is maximum at VDS=5V 

gmpk2 Peak Transconductance dID/dVGS at VDS=0.1V 

IDmin Minimum drain current in sub-threshold curve at VDS=0.1V 

VGmin Gate voltage where ID is minimum at VDS=0.1V 

IGVT Gate current at VGS = VT and VDS=0.1V 

VGon Gate voltage where ID = 1µA/mm 

IGoff Gate current at VGS = –0.5V and VDS=0.1V 

IDss Drain current at VDS = 5V and VGS=0V 
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Table 3-2.  Bias Changes for the Different Test Bias States. 
 

State 
Constant  

Bias 
Degradation 

Metric 
Comment 

High-Power 
VDS, VGS ID, IG Constant lateral field  
VDS, ID VGS, IG Constant channel power dissipation 

ON 
VDS, VGS ID, IG Constant lateral field 
VDS, ID VGS, IG Constant channel power dissipation  

 

OFF 
VGS<VT, 
VDS>0 

IG, ID Large vertical and lateral fields 

VDS=0 VDS=0 IG 
High vertical field through the barrier and 
small fields in the channel 

 
 
 
 
 
 
 
 
 
 
Table 3-3.  Specifications for the High-speed, High-Voltage Set 
 

DC Biasing Drain:  VD 0 to 60 VDC @ ID 6ADC 300Wmax 
Gate:  VG -40 to 40 VDC  @ IG ±20ADC 

Measurement DC stress and characterization 
16 bit, 195.3125 kHz 
Gate:  voltage resolution 6.1µV to 2.4mV   
 current resolution 100 fA 
Drain: voltage resolution 6.1µV to 2.4mV 

current resolution 61 µA 

Gate pulse measurement 
12bit, 50 MHz 
Gate: voltage resolution 97.7µV to 39mV   

 current resolution NA 
Drain: voltage resolution:97.7µV to 39mV   

 current resolution: 977 µA 
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Table 3-4.  Specifications for the long-term test set 
 

DC Biasing Gate:  VG -10 to 10 VDC  @ IG ±20ADC 
Drain:  VD 0 to 60 VDC @ ID 6ADC 300Wmax 

Measurement Gate: 16 bit, 50kSa/s 
voltage resolution: 305 µV 
current resolution: 31 nA 

Drain:  24 bit, 50kSa/s 
voltage resolution: 7.15 µV 
current resolution: 153 µA 

 
 
 
 
 
 
Table 3-5.  Temperature control system specifications 

Range Up to 200 C 

Resolution 0.01° 

Stability ±0.01°C 

Control PID or Deadband 

 
 
 
 
 
 
Table 3-6.  Lasers incorporated in the optical subsystem of the reliability test system. 

Wavelength (nm) Power (mW) Energy (eV) 

Red 650 100/300 1.91 

Green 532 30/100/300 2.33 

Blue 445 500/1000 2.79 

Violet 408 100 3.04 

HeCd 325 100 3.81 
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A)  

B)  

C)  
 
Figure 3-1.  The I-V plot is a basic semiconductor characterization technique.  A) An 

example of the drain I-V.  B) An example of the transconductance plot.  C) An 
example of the gate I-V plot. 
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Figure 3-2.  The four bias states for DUT aging have distinct stress conditions 
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Figure 3-3.  Three alternatives to a continuous DC stress.  A) Step-stress incrementally 

increases the stress conditions.  B) The cyclic stress includes periods of 
recovery. C) Step-stress-recovery is a combination of the other two. 

B) 

C) 

A) 
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Figure 3-4.  Temperature control system consisting of a PID controller and a thermal electric module. 
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Figure 3-5.  Optical setup showing four lasers mounted on modified x-y micro-positioners.  The DUT and measurement 
board are on the left side mounted vertically 
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Figure 3-6.  High-speed, high-voltage test station 
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Figure 3-7.  Long-term test station 
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Figure 3-8.  Optical pumping test station 
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Figure 3-9.  Probe station 
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Figure 3-10.  Software user interface showing I-V plots
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Figure 3-11.  Software GUI showing DC stress 
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Figure 3-12.  DUT selection GUI. 



 

79 

 

Figure 3-13.  Optical Pumping interface.
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Figure 3-14.  Screen capture of the DataViewer application.  Users select a device and the test to view results.  The test 
can be exported into formats ready for professional plotting programs.
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Figure 3-15.  Package schematic for AFRL devices 

 
 
 
 
 

 
 
Figure 3-16.  Photographs of the AFRL device wire-bonding.
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Figure 3-17.  Measurement Board 
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A)  

B)  
 
Figure 3-18.  DUT Boards with bias tees and with 50 ohm terminations on the gate and 

drain.  A) The schematic of DUT board. B) The physical board. 
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CHAPTER 4 
ACCELERATED AGING OF AlGaN/GaN HEMTS 

Device Testing Overview 

Accelerated aging is an important process in determining the reliability and 

lifetime of a device.  The test system described in Chapter 3 was used to electrically 

and optically stress and characterize devices. 

Devices from two different vendors were used in this study.  Eighteen HEMTs 

and six transmission line modules (TLM) from the Air Force Research Labs (AFRL) 

underwent accelerated aging.   In addition, there were two devices from an undisclosed 

vendor, called vendor A. 

AFRL Devices 

Experimental 

The parts from the Air Force Research Labs that were DC-stressed are listed in 

Table 4-1 with a description of the stress condition.  The HEMT layer structures used in 

these experiments were grown by metal-organic chemical vapor deposition (MOCVD) 

on 6H SiC semi-insulating substrates with an unintentionally doped 3nm GaN cap, 

15nm Al0.28Ga0.72N barrier and 2.25µm Fe-doped GaN buffer.  Plasma enhanced 

chemically vapor deposited SiN was used for device passivation.  On-wafer Hall 

measurements showed a sheet carrier concentration, sheet resistance, and mobility of 

1.06 × 1013 cm−2, 310 Ω/sq, and 1900 cm2/Vs, respectively.  The HEMTs had dual 

submicron Ni/Au gates with dimensions of 0.125, 0.14 or 0.17 x 150 µm. The HEMTs 

employed a Ti/Al/Ni/Au Ohmic metallization with a gate periphery of 300 µm, source-to-

gate and gate-to-drain distances of 2 µm with SiNx passivation.  The devices were 

packaged and wire-bonded, as described in Chapter 3. 
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The devices underwent accelerated aging by DC-stressing at 150⁰C at three 

different bias points along the one-watt load curve, shown in Figure 4-1: VG = 0 (on-

state), VG = -2 (semi-on), VG < VTH (off-state).  The bias points were chosen with the 

expectation of devices stressed in the on-state mostly experiencing stress on the 

channel, while gate defects would manifest themselves as VG approaches pinch-off and 

VDG approaches the device’s critical voltage [8].  Devices that are biased between the 

on-state and off-state experience stress on both the channel and the gate.  Since a gate 

bias of VG = -2 is closer to the operating point of a transistor in a circuit, and because 

this bias point has the potential to show more interesting results, most of the devices 

are stressed under this bias condition. 

To maintain a constant power-dissipation of one watt in the channel, VD was 

adjusted based on the measured ID, except in the off-state case, where VD was set to 

constant voltage  The stress tests were interrupted when either a 10% change in the 

drain current or an order of magnitude change in gate current were observed. 

The initial quality of the devices varied widely, with less than 20% actually being 

suitable for stressing post-packaging.  Devices were initially screened on a probe 

station to determine gate and drain leakage.  Parts whose gate leakage was above 0.5 

µA or with drain leakage more than 500 µA were not considered for packaging.  Once 

package and wire-bonded, the devices were screened again.  The very first parts to 

under-go stressing exhibited high gate leakage simply because adequate screening 

levels were not yet determined. 
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Results 

Of the devices that did degrade, they tended to fail in one of two ways, either an 

abrupt sharp drop in drain current (ΔID > 10%) or a gradual decline in this current.  

Figure 4-2 is representative of both types of degradation over time. 

Abrupt failures 

Table 4-2 lists the devices that failed abruptly along with the difference between 

the pre to post measurements of ID at VG = 0 and VD = 5, GmMAX, VTH, and the gate 

leakage at VG = -6 and VD=0.  The threshold value is graphically determined from the y-

intercept of the tangent of GmMAX.  Figure 4-2A shows the typical degradation pattern of 

an abrupt change, while Figure 4-3 shows the typical characteristic results of a device 

that failed abruptly.  The dc characteristics show little to no change as a result of the 

DC-stress test.  This suggests the degradation observed was possibly due to contact 

degradation.   

Since contact failure has been shown to be temperature dependent [3] [10] and 

to further support the hypothesis that this is contact failure, the fluctuations in current 

reduced dramatically as the test base-plate temperature was lowered.   For example, 

device 1330D exhibited abrupt swings in drain current at 150ºC, but when the base-

plate temperature was reduced to 75ºC, the device’s drain current was stable, as shown 

in Figure 4-4.  Typically, these devices will eventually experience another abrupt failure 

even at the lower base-plate temperatures. 

Although the failure is permanent, the device may recover for a short time.  When 

stressed 24 hours after experiencing abrupt failure, device 1131C began the second 

stress test at the pre-failure drain current, but within a few seconds dropped to the same 

failure level.  Within an hour during the second test, the device experienced a second 
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abrupt failure.   Furthermore, devices that experience contact failure are often difficult to 

characterize both optically and electrically after they fail.  They can recover long enough 

to get reliable data, but it is not predictable. 

Two devices, 2124C and 2218B, both experienced abrupt failure after they had 

shown some gradual degradation.  Device 1622D actually improved before the abrupt 

failure. 

Gradual failures 

Most all of the devices that did not exhibit the abrupt drop in current drop, tended 

to have a similar degradation pattern to that shown in Figure 4-2B, with an initial drop in 

drain current for the first 10 minutes. This has been suggested as resulting from the 

device reaching a new steady-state as trapping and de-trapping reach equilibrium [8].  

In several of the devices, the current increased before gradually declining to the 10% 

threshold where the test stopped.  This steady decline in drain current appears to be the 

result of new trap creation as the optical pumping characterization data in Chapter 5 

suggests.  Figure 4-5 shows the typical pre and post electrical characteristic I-V plots, 

which are indicative of permanent degradation.  It is interesting to note that the gate 

pulse transconductance plot in Figure 4-5D shows no difference between pre and post 

stress.  Although there are surface traps present, the magnitude of their effect does not 

change as a result of the DC-stress.  This suggests there are not any newly created 

surface traps and the passivation layer appears unaffected. 

Only slight changes in reverse gate current were measured, thus there is no trap-

assisted tunneling leading to leakage paths as a result of newly created traps in the 

AlGaN  [3], [55], [70], [78], [79].  Chou [80] reported a similar outcome as a result of  

accelerated stressing and suggested the gate metal is probably not the origin of the 
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degradation.  We disagree with this assertion, based on results later in this chapter 

involving TLM stress testing, since it appears the gate is indeed responsible for the 

degradation.  

Off-state tests 

To fully exploit the optical pumping characterization described in Chapter 5, it is 

important to include devices degraded under off-state (VG < VTH) conditions.   

Table 4-4 lists the results of the tests.  These devices degraded similarly to the 

semi on-state devices with the exception of a substantial increase in the gate leakage 

current as the characterization data in Figure 4-6 shows. 

Transmission line modules 

Each sub-reticle of the AFRL parts contained several test devices including 

transmission line modules (TLMs) with spacings of 5µm, 10µm, 15µm, 20µm, 25µm, 

and 30µm, and a 90µm width.  These structures are essentially a HEMT without a gate, 

so testing them provides the opportunity to understand and investigate the source-gate 

conduction path. 

Four different spacings were tested, as listed in Table 4-5.  The TLM’s showed 

no degradation until they reached a catastrophic bias voltage, completely destroying the 

structure.  Three different 10µm TLMs were tested.  The first structure underwent a step 

stress, increasing the voltage by one volt every hour.  At 40V, the part was destroyed.  

To investigate time-dependencies, a second device was stressed at 38 V, two volts 

below the destructive level of the previously tested device.  After 26 hours this structure 

failed catastrophically. 
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Discussion 

We did not observe any of the contact issues when testing the TLM structures as 

we did in the HEMT’s, where the drain current fluctuated or abruptly dropped.  Since the 

TLM structures are on the same reticle, with the same Ohmic contact metals as the 

HEMTs, we can conclude that the channel, the source-drain conduction path, and the 

Ohmic contacts are not the source of degradation of the HEMTs.  The degradation 

appears to be related to the interaction of the gate with the channel.  

Our expectations of the semi-on tests (VG = -2) to see degradation in both gate 

and channel, seems to be mostly correct.  The addition of the gate appears responsible.  

When the gate has a bias voltage, the devices tended to degrade much more quickly 

than the devices stressed under on-state tests, which did not degrade as much but 

exhibited more obvious current fluctuations.   

Because the HEMT’s were tested while maintaining constant power dissipation in 

the channel, the drain voltage increased as the device degraded and the drain current 

decreased.  The drain voltage continued to rise as the device degraded reaching a 

voltage between gate and drain as high as 17 volts (VGS=-2 and VDS = 15).  The voltage 

did not exceed the critical voltage for these devices under reverse gate bias step-stress 

conditions determined by Douglas in [29].  Consistent with her findings, the gate 

leakage current did not change.  This is also consistent in findings from del Alamo [8] 

under on-state conditions where VDG did exceed the devices off-state VCRIT levels.  They 

concluded that that current by itself is not an accelerating factor [81], but increasing the 

drain current not only does not enhance degradation, it actually mitigates it.   

On the other hand, we did see device degradation that appears to be gate 

related with increasing current shown in Figure 4-6B before degradation begins, 
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suggesting the degradation we are seeing is a pre-cursor to VCRIT.  The trap creation 

may indeed lead to the pits and cracks reported by several groups several groups [29–

32], [34], [82]. 

From these tests, it is also appears evident that the power dissipated in the 

channel does affect reliability, since both the devices tested under the on-state and the 

semi-on-state were tested at the same level of PCH = 1W and degraded very differently. 

Vendor A Devices 

Only a total of eight devices were available for testing and of those eight only one 

met the criteria of low gate and drain leakage currents.  A second device was also 

tested although its initial gate leakage was considered high, 52 µA versus 1.9 on the 

first device. 

Very little information was provided with the parts.  The devices were AlGaN/GaN 

with a similar structure as the AFRL parts: dual-finger gate whose width of 167 microns 

(gate width is unknown). They were packaged for high-power applications. 

As a result of the lack of information the parts were stressed under on-state 

conditions (VG = 0), where the drain voltage was increased by a half volt per hour until 

the drain current decreased by 10% of the initial drain current or if the gate current 

increased by an order of magnitude. 

Unlike the AFRL HEMTs which showed little current collapse while tested in the 

on-state, both vendor A devices showed substantial degradation as the drain voltage 

increased as outlined in Table 4-6.  These parts experienced a minimal shift in the 

threshold voltage of nearly a quarter volt in the positive direction as shown in the I-V 

plots in Figure 4-7.  Interestingly, the gate leakage current improved on both devices 
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with a substantial reduction of 44 µA on device 2 and a micro-amp reduction on device 

1. 
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Table 4-1.  DC-stress bias conditions for AlGaN/GaN HEMTs supplied by the Air Force 
Research Labs 

 

 TBASEPLATE VG Drain DUT IDs 

On-state 150ºC 0 PCH=1W 2218C 2318C*  

Semi-on 150ºC -2 

VD=9.5V 1622D 

PCH=1W 1125C 1126C 1131C 1330D* 
1622D 1623C 2224C 2124C 
2218B 2220B 2220C 2419C 

Off-state 150ºC 
-5   VD=20V 2320D 1930C 
-7 VDstep= 6 to 20V 1128C 

*Multiple tests TBASEPLATE < 150ºC due to contact noise 

 

Table 4-2.  Summary of results for AFRL devices that failed the DC-stress test with an 
abrupt change in drain current.  The values are the difference between the 
pre and post DC-stress test. 

Device 
Test 
State 

Test  
Hours 

ΔID (mA) 
VG = 0, VD = 5 

ΔGmmax 

(mS)  
ΔVTH  ΔIG (µA) 

VG= -6 Comment 

2218C On 68 -3 -3 -0.26 -0.12 
Noise throughout the 
test 

2318C On 12 -4.5 1 0.05 -0.22 
Noise begins after 7 
hours  

1330D Semi-on 
9 -11 -5 -0.14 -.06 

Noise T > 75ºC 
6 -6 1 -0.19 3.5 

1622D Semi-on 14 2 38 -0.11 25 ID abrupt failure 

2124C Semi-on 23 -32 -4 0.09 0.2 
ID 8% decrease then 
abrupt failure 

2218B Semi-on 23.6 -15 0 0.01 0.07 

ID 7.5% decrease 
then abrupt failure  
Fully recovers in 3 
days. 

1131C Semi-on 2.5 1 4 -0.04 0.06 ID abrupt failure 
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Table 4-3.  Summary of results for AFRL devices that did not fail or failed the DC-stress 
test with a gradual change in drain current.  All devices were stressed in the 
semi-On state (VG = -2).  The values are the difference between the pre and 
post DC-stress test. 

Device 
Test  

Hours 
ΔID (mA) 
VG = 0, VD = 5 

ΔGmmax 

(mS)  
ΔVTH  

ΔIG 
(µA) 
VG= -6 

Comment 

1330D 
19.3 -24 -1 -0.03 0.13 Noise T <= 75ºC 
10 NA NA NA NA Minimal 

2224C 14.7 -84 -24 0.35 0.36 ID 10% decrease 

2126D 

13 -21 -20 0.27 0.61 ID 25% decrease 

3 -67 -18 0.13 0.05 ID 30% decrease 

8 -53 -17 0.23 0 ID 40% decrease 

2419C 3.2 -64 -11 0.62 0.46 ID 10% decrease 

1623C 65 -7 -1 0.01 1.8  Minimal 

2220C 46.6 -35 -8 -0.02 0.09 ID 10% decrease 

2220B 46 -29 -5 0.15 0.003 ID 10% decrease 

2124C 23 -32 -4 0.09 0.2 
ID 8% decrease then abrupt 
failure 

2218B 23.6 -15 0 0.01 0.07 
ID gradual 7.5% decrease then 
abrupt failure  Fully recovers in 
3 days. 

1125C 3.67  -46 -13 0.08 0 ID 10% decrease  

1126C 13.3 -39 -8 0.11 0.06 
ID 10% decrease  
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Table 4-4.  Summary of results from off-state (VG < VTH) DC-stress tests of AFRL 
devices.  The values show the change as a result of the DC-stress test. 

Device 
Test  

Hours 
ΔID (mA) 
VG = 0, VD = 5 

ΔGmmax 

(mS)  
ΔVTH  ΔIG (µA) 

VG = -6 Comment 

2320D 15.75 -18 -4 0.17 1 IG doubles in 6.75 hours 

1930C 4.4 -58 -11 0.46 -725.9 Very high gate leakage 

1128C 10.2 -20 -6 0.02 48.25 
VG = -7,  
VD step 1hr =15 to 16 

 

Table 4-5.  DC-stress bias conditions for AlGaN/GaN TLMs supplied by the Air Force 
Research Labs.  All devices failed catastrophically. 

 

Device 
TBASEPLATE 

(ºC) 
Spacing 

(µm) 
TTF 

(hours) 
VFAILURE 

(V) 
E@FAILURE  

(kV/mm) 

2213B Room 5 8.25 15 3 

1718B 150 10 33 40 4 

0629B 150 10 26.6 38 3.8 

1627B 150 10 9.8 38 3.8 

2211B Room 15 2.4 30 2 

2219C Room 20 6.5 45 2.25 

 
 
 
Table 4-6.  Summary of results from on-state (VG = 0) DC step-stress tests of vendor A 

devices.  The values show the change as a result of the DC-stress test. 
 

Device 
Test  

Hours 
ΔID (mA) 
VG = 0, VD = 5 

ΔGmmax 

(mS)  
ΔVTH  ΔIG (µA) 

VG= -6 Comment 

1 41.2 -34 -7 0.25 -1.47 ID gradual 15% decrease 

2 34.4 -55 -16 0.31 -44.2 ID gradual 10% decrease  
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Figure 4-1.  Load line test conditions for AlGaN/GaN HEMTs. 
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A)   

B)   

Figure 4-2.  Typical degradation patterns for stressed devices.  A) A device that has an 
abrupt drop in drain current.  B) The gradual device degradation over several 
hours. 
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A)  B)  

C)  

Figure 4-3.  Typical pre and post characteristic curves for devices that fail abruptly.  A) 
The drain I-V plot.  B) The transconductance plot.  C) Gate I-V plot. 
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A)  

 

B)  

Figure 4-4.  Drain current response of device 1330D at two base-plate temperatures.  A) 
At 150ºC the fluctuations that appear to be contact failure. B) At 75ºC 
showing a stable response.   
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A) B)  

C) D)  

Figure 4-5.  Typical pre and post characteristic curves for devices that fail gradually.  A) 
Drain I-V plot.  B) Transconductance plot.  C) Gate I-V plot.  D) Pulse 
Transconductance plot 
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A) B)  

C)  

Figure 4-6.  Typical pre and post characteristic curves for devices that underwent DC-
stress in the off-state (VG < VTH).  A) Drain I-V plot.  B) Transconductance 
plot.  C) Gate I-V plot. 
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A) B)  

C)  D)  

Figure 4-7.  Pre and post characteristic curves for Vendor A devices.  A) Device 1 drain 
I-V plot.  B) Device 1 transconductance plot.  C) Device 2 drain I-V plot.  D) 
Device 1 transconductance plot. 
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CHAPTER 5 
OPTICAL PUMPING CHARACTERIZATION 

Overview 

By exposing AlGaN/GaN HEMTs to below band-gap light, changes in drain 

current can be observed that correspond to the trapping and de-trapping of carriers 

within the band-gap.  These changes in drain current are indicators of trap density, 

since the energy from a specific wavelength of light pumps trap states whose activation 

energies are less than or equal to that of the light source.  

To further understand the role traps play in degradation, the energy from sub 

band-gap light of different wavelengths is used to illuminate a device to compare the 

change in drain current before and after electrical stressing [83–88].  By limiting the 

photo energies to below band-gap (visible light), the optical excitation is the result of sub 

band-gap trap states, since no new electron-hole pairs are generated as would be the 

case with illumination at or above band-gap.  When a device is optically pumped, 

electrons from the valence band fill traps to the energy level of the illuminated light and 

empties traps that are in the upper half of the band-gap into the conduction band.  By 

electron capture, donor traps are neutralized, allowing for more current to flow.  As a 

result, changes in drain current due to illumination are proportional to the density of 

traps with energies that correspond to the photon energy of the source light.  By 

illuminating the device with progressively shorter wavelengths of light (increasing in 

energy), the effects can be measured incrementally and the energy levels of the 

effected traps can be determined.  Optical pumping techniques have been used 

extensively to identify traps in AlGaN/GaN HEMTs [47], [53–59], [61–67], [89–95].   
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Related Work 

Klein et al. [59–61], [89] reported a method to extract the signatures of specific 

trap levels that are responsible for current collapse in FET structures. The method uses 

light to photo-ionize trapped carriers that are responsible for current collapse. The 

spectral dependence of this effect should reflect the photo-ionization spectrum of the 

trap.  Klein et al.’s method utilizes the photoionization spectrum as a unique 

characteristic of a specific defect, and uses it to identify a particular trapping center.  

Their technique begins with exposure to above band-gap light to empty traps, followed 

by application of a high drain-source field to fill the traps and induce current collapse.  At 

this point the device is exposed to sub band-gap light. By measuring the optical 

absorption spectrum associated with the photoionization process that releases the 

trapped carriers, photoionization spectroscopy provides a method for identifying the 

unique spectral signature associated with each defect responsible for the collapse and a 

means for acquiring information about the concentrations, photo-ionization cross-

sections, locations and possible chemical identities of the defects involved.  Their 

findings resulted in two traps with activation energies at 1.8 and at 2.85 eV.  As this 

measurement technique is based upon the reversal of current collapse, it is specifically 

sensitive to the traps responsible for this phenomenon, but also limited to only those 

traps.  

Wolter et al. [65], [66] performed similar experiments seeking deep-level defects 

and surface states.  For doped and undoped HEMTs, the same two defect levels with 

excitation energies of 3.2 eV and 2.9 eV were determined. 

Baykan [96] investigated trap energy levels by incrementally photo-exciting traps 

with a monochromator and measuring the drain current response.  An increase in the 
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drain current corresponds to photo-ionized trapped electrons, while neutral hole traps 

with a smaller activation energy than the incoming photon energy decreases the drain 

current. 

Trap Determination with Current Transients 

Two groups have recently employed current transient spectroscopy methods to 

determine trap activation energies [17], [81], [97], [98] in GaN HEMTs.  Joh et al. [81] 

presented a methodology to analyze the trapping and detrapping behavior in GaN 

HEMTs that is amenable to integration with long-term stress experiments.  The 

technique determines the layer location, energy level, and trapping/detrapping time 

constants of the dominant traps.   In the trapping experiments, a bias voltage is applied, 

and the drain and/or gate currents are sampled at certain points in a logarithmic time 

scale to monitor the carrier trapping.  Different bias points are used in order to induce 

different modes of trapping and at different locations in the device. These bias points 

include the ON-state (high ID and relatively high VDS) and VDS = 0 state (relatively high 

negative VGS with VDS = 0). In the detrapping experiments, a trapping pulse in which 

both the drain and gate voltages are synchronously pulsed is first applied in order to 

induce carrier trapping.  Immediately after removing the trapping pulse, the recovery 

transient of the current is captured and is analyzed through a curve-fitting procedure 

that extracts the dominant time constants. 

Ťapajna et al. [98] employed a similar method using a curve-fitting procedure that 

extracts the dominant time constants, but has a different process of trapping and 

detrapping.  Drain current transients were measured at VGS=1 V and VDS=0.5 V after a 

one second filling pulse of  VGS =-10 V and VDS =0 V.  Before any measurements were 
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made the device under test was illuminated with above band-gap light as trap clearing 

technique. 

Optical Pumping 

One of the unique aspects of this research is the information on traps obtained 

from the use of sub band-gap light to photoexcite the traps within the GaN band-gap.  

When a device is exposed to sub band-gap light, traps in the lower half of the band-gap 

are filled while traps in the upper half are emptied.  Figure 5-2 illustrates how the photon 

energy of blue-light (2.7 eV) illumination affects traps within the band-gap of GaN.  

When illuminated, traps in the upper half of the band-gap, between the conduction band 

(3.4 eV in GaN) and the dotted line (0.7 eV) in Figure 5-2 have enough energy from the 

light to de-trap the carrier into the conduction band.  At the same time traps between the 

valence band and the solid line (2.7 eV) are filled with carriers from the valence band.   

Figure 5-3 illustrates the impact on traps in the band-gap with four different 

wavelengths of light: red (650nm, 1.91eV), green (532nm, 2.33eV), blue (445nm, 

2.79eV), and violet (408nm, 3.04eV).  When GaN is illuminated with red light, traps 

below 1.91eV are filled with electrons from the valence band, while traps with activation 

energies above 1.91eV empty trapped electrons into the conduction band.  When the 

GaN device is subsequently exposed to green light, only traps between 1.91eV and 

2.33 eV are affected. Under these excitation conditions, they will be filled instead of 

emptied.  The same effect occurs for green to blue wavelengths, with traps between 

2.33eV to 2.79eV no longer emptied but filled, and likewise for Illumination from blue to 

violet, affecting traps between 2.79eV and 3.04eV.  By recording the change in drain 

current between illuminations, the effects of traps filled to by each wavelength is 

measured.   
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In addition to sub band-gap light, UV light, whose energy is above the GaN band-

gap, is used to clear the entire band-gap of trap as well as induce photoconductivity.  

The role traps play in the response of the drain current to UV energy is less discernible 

than sub band-gap light simply because it is the combination of emptied traps and 

photoconductivity. 

For example, if the post-stress drain current response to red and green light 

decreased, but blue and violet increased, then the trap creation occurred in the blue 

range.  The red and green illumination would have an emptying effect on the newly 

created traps, making them electrically active and decreasing the drain current, while 

blue and violet would fill the newly created traps, thus removing their effect on the 

channel and increasing the drain current. 

By evaluating the device’s response as described in the previous example, the 

active energy of newly created traps can be determined.  Throughout the literature, 

several different types of line and point defects have been observed with a range of 

mid-gap energies [50–52], [69], [99–102].  By using light sources of different 

wavelengths and recording the drain current response to their illuminations, mid-gap 

traps are populated and identified.  Not only are energies of mid-gap energies 

determined but an understanding of the trap type may be identified.  Once the traps and 

defects associated with poor device performance and reliability are identified, a 

correlation of traps created by particular device stressing conditions can be realized.  

Eventually it is hoped this will lead to optimization in growth recipes and processing for 

more reliable device structures achieving the goal of identifying traps in AlGaN/GaN 

HEMTs that adversely affect device reliability.  
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An important goal of this research is bringing together optical and electrical 

characterization techniques to determine the reliability of devices.  The current state-of-

the-art reliability testing, described in Chapter 3, electrically measures and 

characterizes, calculating several different metrics which can be used to determine a 

form of degradation during lifetime tests.  By incorporating a UV and visible light 

sources to the reliability test station, new opportunities for testing and measuring 

become available.   

To add optical characterization to an existing electrical system requires a minimal 

investment in light sources.  The system used for this research, employed commercially 

available laser pointers.  Since it was important to automate the control of the light 

sources into the system, additional control hardware and software support were 

incorporated.  Additionally, because precise positioning was important, mounting 

equipment became part of the investment.  Because of the simplicity of the technique, it 

does not require a substantial investment. 

Visible Light Illumination 

As the devices are illuminated it is important to understand how much of the 

device is affected.  The ideal condition would to entirely expose the device and affect all 

traps in all locations.  Empirical data suggests that the devices are not fully pumped.  As 

the intensity of the lasers increased, the drain current response increased accordingly.  

In addition to absorption, contact metals reflect a large amount of the source 

illumination.  The only exposed surface of the HEMT is the spacing between the source 

and drain pads less the gate metal and there is further obstruction if a field plate is 

used.  We have experienced penetration of the source contact when it was exposed by 

a four micron spot from the green laser in a µPL system. 
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For the light able to penetrate the material, the Beer-Lambert law suggests the 

absorption is dependent on the properties of the material through which the light travels. 

 100II  (5-1)  

Benno [103] studied the properties of GaN using photothermal deflection spectroscopy 

(PDS) to measure absorption coefficients.  Figure 5-4, taken from Benno’s study, shows 

the shorter wavelengths are absorbed in the material while UV, which is off the scale in 

the figure, has very little penetration into the material.  As a result, normalizing the 

intensity of each wavelength is a challenge is left for future work.  Instead, comparisons 

will be made solely on wavelength basis, i.e., red pre and post stress can be made, but 

not the comparison of red with blue. 

Since traps absorb energy, light will not penetrate as deeply when new traps are 

created.  Normalization would then include both absorption in the material and 

absorption by traps.  To ideally normalize the intensity, trap densities would have to be 

made a priori, on a measurement that is trying to determine trap density.  The only 

solution is to ensure that each wavelength of light has enough excess intensity to both 

penetrate and pump all traps. 

Proof of Concept Experiments 

The first experiments were conducted on older GaN HEMT’s [86], a simple 2004 

design with gate size of 0.75 x 150 micron, similar in structure to the AFRL devices 

described in Chapter 4.  The devices were exposed to the full bandwidth of photon 

energy from a mercury-arc lamp which includes IR, visible and UV light, and the devices 

responded with an order of magnitude increase in drain current.  Most of the current 

increase came from the electron-hole generation of the above band-gap energy for the 
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light source, but also had the effect of emptying all traps within the band-gap.  From 

Figure 5-1, the device has not recovered from the exposure after 24 hours.  This 

extended recovery time to the pre-exposure state indicates numerous traps with time-

constants longer than 24 hours.   The presence of slow traps with time constants on the 

order of days has been experienced in other devices [95].  These originate from traps 

with ionization energies less than red light’s energy (1.91 eV), since the only time they 

influenced a measurement occurred when a device was exposed to above band-gap 

light (UV 3.81eV) and all the traps in the band-gap are emptied.  Once exposed to UV, a 

device containing these traps would not recover for at least two to three days. 

Trap Detection Experiments 

The results of the proof-of-concept experiments led to more sophisticated 

experiments with higher intensity lasers that detect changes in traps after a device was 

stressed.  The details of the hardware and software used in these experiments are 

described in detail in Chapter 3.  

Experimental setup 

Figure 5-5 is a flow graph of the experimental process. Before the optical 

response data are collected, the light sources have to be aligned to the device.   A light 

source is considered aligned when the drain current response is maximized.  Alignment 

begins with the permanently mounted UV source and then each individual light source 

on the x-y translation mounts are adjusted.  Measurements of drain-source voltage (VD), 

drain-source current (ID), gate bias (VG), gate current (IG) and temperature are sampled 

at a rate of either 10 kHz or 100 kHz, up to 1MHz, and saved to a file for post-

processing.  The devices are biased in the on-state while the device is in saturation.  

The typical bias point is VG=0 and VD= 5 at 30C.  Recordings in these experiments 
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included ten seconds of data prior to exposure, one minute of illumination of the 

device’s top-side, and several minutes of post-exposure to capture the decay to the 

steady state values.  The device temperature is regulated using Peltier modules and a 

PID controller, since temperature stability is critical to minimize thermal effects. 

After recording a device’s baseline, i.e., the initial trap densities, the devices are 

then electrically stressed.  Post-stressed measurements are compared to the baseline 

to determine if new traps have formed, along with their activation energies, derived from 

the photon energy of the pump wavelength.  Since many trap activation energies have 

been studied and identified [50–52], [69], [99–102], the different trap types such as point 

defects (vacancies, interstitials, substitutional defects and complexes thereof), stacking 

faults, and edge dislocations can be identified based-on the photon energy applied.  

Identifying the development and persistence of trap types while going through 

accelerated aging allows for the correlation of trap types and device reliability. 

Results 

AFRL Devices. The devices listed in Table 4-2 were characterized before and 

after stressing.  The stress results fall into three categories – no degradation, gradual 

degradation, and abrupt failure.   The devices that showed degradation as a result of 

electrical stressing had two different responses to subsequent optical pumping.  As 

expected devices that did not degrade (see Table 5-1) showed no differences between 

the baseline optical pumping results and the post-stress tests.  Devices that failed 

abruptly had minimal changes between the baseline and post-stress test optical 

pumping response (see Table 5-2), which supports the hypothesis the failure 

mechanism in these devices is contact-related, whereas devices that gradually 
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degraded had remarkable responses to the optical pumping characterization (see Table 

5-3) . 

In order to get a sense of how traps affect carriers in the channel, Table 5-1, 

Table 5-2, and Table 5-3 include the number of carriers affected by the change in traps.  

The number of carriers can be determined by calculating the resistivity of the channel 

from RON, which in this case is the drain voltage divided by the drain current.  

        

 

 
  

  

  

 

 
 (5-2)  

The area, A, is the channel width (300 microns) and the channel height (3 nm).  The 

length, l, is the source-drain spacing of 4 microns.  Once the resistivity is known, then n, 

the number of carriers can be calculated, assuming the mobility, µ, is the same and 

using the average value for these devices, 1907 cm2/Vs. The mobility of a device is 

expected to change as the device degrades with the addition of newly formed scattering 

points.  Although this change in mobility affects the calculation, its effect is minimal with 

respect to the order of magnitude. 

   
 

     
 (5-3)  

The shaded area of the optical pumping plots in Figure 5-6 and Figure 5-7 

delineates the response of the drain current when the device was illuminated with a 

specific wavelength of light.  The figures show the superposition of all the responses to 

the individual wavelength exposures.  

The plots in Figure 5-6 compare the optical pumping response of a typical device 

that failed abruptly, where the drain current remains relatively stable for a couple of 

hours and then declines in a short period of time.  The corresponding response to the 
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optical pumping is unremarkable, with the pre-test and post-tests almost identical.  

Some of the devices that failed in this fashion showed a gradual decline before the 

abrupt change and the optical pumping also reflected minimal changes.  

The typical response of a device that gradually is shown in Figure 5-7, the drain 

current response to the optical pumping shows a remarkable change when illuminated 

with blue and violet light, showing the creation of new trap states. 

Generally, the most dramatic changes during optical pumping occurred when the 

devices were illuminated with blue, violet, and UV light.  In these cases, the drain 

current response to green and red illumination actually decreased after the DC-stress.  

This indicates the creation of new traps in the blue or violet energy ranges, since red 

and green illumination would empty the newly created traps, thus making them active 

and lowing the drain current response. 

Since the blue laser is the most powerful at 500mW, it produces the strongest 

response, followed by green, violet, and then red wavelengths.  Although violet has the 

shortest wavelength and the highest photon energy, it does not have the same intensity 

as the blue laser and would be more readily absorbed by the GaN lattice (see Figure 5-

4).  As mentioned in the experimental section, the intensities of the lasers are not 

normalized to the same level, so comparisons cannot be made between the different 

wavelengths, but only of the same wavelength from pre- to post-stressing. 

Vendor A Devices. The two devices stressed in chapter four also underwent 

optical pumping characterization.  The responses from these two devices were distinctly 

different than that of the AFRL devices as shown in Figure 5-8.  Both devices 

responded nearly identically in that the only change occurred during UV illumination.  
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This result suggests the device did not degrade as a result of the creation of new traps 

but from other mechanisms. 

Discussion 

The optical pumping technique shows trap changes in the HEMTs as a result of 

DC-stressing.  The devices that degrade slowly have remarkable changes in the 

response to optical pumping between the baseline test and the post-stress test. This 

suggests these devices have existing traps in the as-grown layer structure or created 

during processing and the density of these is increased by the electrical stressing until 

they affect the channel carrier density.   As described in detail earlier in this chapter, 

illuminating a GaN device with sub band-gap light-energy causes traps within the band-

gap to fill up to the energy level of the wavelength that is pumping, e. g., blue light will fill 

traps up to 2.79eV.  For devices that showed little or no increases during green 

illumination, traps above the energy of green light 2.33eV, have increased suggesting 

traps that have activation energies between the energy levels of green and blue light 

have increased and affect the device’s performance. 

Reshchikov and Morkoc   [50] report that point defects with formation energies in 

the energy range between blue and green light include GaN substitional and NGa 

substitional defects, as well as Ga interstitial point defects.   The optical pumping 

technique indicates these defects increase as a result of electrical stressing and are 

deleterious to device performance. 

The devices that failed quickly did not show much change when optically pumped 

before and after the DC-stress test.  Because of the nature of the sudden failure, it 

appears the devices did not fail due to the increase in trap densities, but for other 

reasons, including increased contact resistance.  When these devices are compared 
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before and after stress using typical I-V characterization techniques, they showed little 

degradation as described in the previous chapter.  

The optical pumping response for devices that did not show any electrical 

degradation also showed little or no changes in trap response as indicated by their 

optical pumping characterization.  

Activation Energies 

The previously described characterization method determines energy ranges and 

trap densities, but with further analysis of the post-illumination decay, precise activation 

energies can be derived.  Figure 5-9 shows ten minutes of trap emissions from an AFRL 

device after the device was illuminated by blue light.  Since the decay is exponential in 

nature, we used a similar technique as in [81] to fit the curve. 

           

 

   

              
(5-3)  

Iss is the steady-state current.    is the individual time-constants of each trap and  is 

the amplitude of the individual exponent for the time-constant  .  By assigning an 

equally-spaced arithmetically number of  ’s and recessively solve for   to minimize the 

error as compared to the measured waveform.   As n increases,   becomes more 

accurate and precise, but a typical value of 100 has yielded very good results.  Once 

the curve is fitted and time-constants determined, the process is repeated for several 

temperatures to determine activation energies from an Arrhenius plot. This process is 

repeated for different wavelengths of light allowing different traps to manifest 

themselves based on the different energy stimuli.  Because the decay is believed to be 

a result of trap emissions and as a form of current transient spectroscopy, the activation 

energies derived from this process are relative to the conduction band [47]. 
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Figure 5-10 show the amplitudes solved from the curve fitting algorithm.  By 

inspection, the same peak appears at the different temperatures.  By extracting the 

amplitudes for the time-constants at each temperature and plotting them on an 

Arrhenius plot, the slope of the data is the activation energy.  Figure 5-11 shows the 

results of the analysis determining a trap with a time-constant of 260 seconds at 30C 

and an activation energy 0.14eV, based on the curve fitting of the waveform decay in 

Figure 5-9.  From the literature [104], an activation energy of 0.14eV corresponds to a 

carbon on a gallium site (CGa). Carbon is a common impurity in MOCVD grown GaN. 

Likewise the process is repeated for green illumination, as shown in Figure 5-12.  

Figure 5-13 is the amplitude of the exponentials and Figure 5-14 shows the Arrhenius 

plot, resulting in two distinct time-constants of 35 and 162 seconds at 30C with 

activation energies of 0.92eV and 0.96eV respectively.  It is interesting to note that two 

defects can have similar activation energies with different time constants.  Figure 2-2 

shows several point defects that have the same activation energies.   

Limpijumnong, Neugebauer and Van de Walle [68], [69], [102] have estimated 

the energy levels of the main point defects in GaN through first-principles total-energy 

calculations based on density-functional theory relevant to nitrides.  From their work, 

possible point defects in this energy range include antisite Nitrogen and Gallium (NGa) 

and antisite Nitrogen and Gallium (GaN). The high formation energy of the GaN antisite 

in n-type GaN is energetically unfavorable, suggesting these defects at 0.92eV and 

0.96eV are antisite NGa. 

Szûcs [105] et al., performed similar energy calculations when studying 

hydrogenated defects in group III nitrides.  From this research, the VNH complex in GaN 
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is expected to have a 2+ /0 transition level at about 2.5 eV above the valence band.  

Reshchikov [50] notes that the hydrogenated vacancies may lose their hydrogen after 

the sample is grown, either during cooling down or during postgrowth annealing.  

Summary 

Optical pumping is a useful non-destructive characterization technique for 

studying traps in electrically stressed AlGaN/GaN HEMTs.  From the experiments, we 

see devices that failed due to increased trapping showed remarkable changes in the 

optical pumping responses, particularly in the blue wavelength energy level.  Traps in 

the blue energy level include GaN, NGa, GaI, and suggest these traps are directly related 

to device performance and reliability.  

In addition to determining the trap densities and types from the change in drain 

current while under illumination, we derived trap time-constants and activation energies 

from the return of drain current decay as it returns to its equilibrium.  This decay is a 

result of trap emitting electrons that were filled during illumination.  Optical pumping is a 

simple, easy to implement, inexpensive, non-destructive trap detection technique.  It 

shows promise in complementing other transient spectroscopy methods like DLTS. 
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Table 5-1.  Optical pumping results of AFRL devices that did not show electrical 
degradation. 

Device 
DC-stress 
Condition 

        

                             
 

Comment 

R G B V UV 

2218C 
On State  
VG = 0, PCH = 1W 

0 
0 

-1.38 
-8.04 

-2.04 
-11.9 

-0.94 
-5.48 

NA Pre-stress noisy 

2318C 
On State  
VG = 0, PCH = 1W 

0.01 
0.06 

0.44 
2.56 

1.24 
7.22 

-0.03 
-5.74 

NA  

2320D 
Off State  
VG = -5, VD = 20 

-0.1 
-0.6 

0.86 
5.01 

1.3 
7.57 

1.36 
7.92 

NA 
Green traps 
created 

1330D 
Semi-on State  
VG = -2, PCH = 1W 

-0.7 
-4.08 

0.54 
3.15 

-0.56 
-3.26 

-0.02 
-0.12 

NA  

1623C 
Semi-on State 
VG = -2, PCH = 1W 

-0.15 
-0.87 

1.68 
9.79 

1.93 
11.24 

0.88 
5.13 

3.74 
21.8 

Green traps 
created 

 
 
 
 
 
 
 
 
 

Table 5-2.  Optical pumping results of AFRL devices that failed abruptly.   

Device 
DC-stress 
Condition 

        

                             
 

Comment 

R G B V UV 

1622D 
On State  
VG = 0, PCH = 1W 

0.85 
4.95 

-1.67 
-9.73 

0.87 
5.07 

1.32 
7.69 

NA  

2124C 
On State  
VG = 0, PCH = 1W 

-1.12 
-6.53 

-2.87 
-16.7 

0.34 
1.98 

1.76 
10.3 

NA 
Both gradual and 
abupt failure 

2218B 
Off State  
VG = -5, VD = 20 

-0.38 
-2.21 

-1.89 
-11.0 

-1.76 
-10.3 

1.17 
6.82 

0.24 
1.40 

Both gradual and 
abupt failure 

1330D 
Semi-on State  
VG = -2, PCH = 1W 

-0.3 
-1.75 

-1.18 
-6.87 

-1.74 
-10.1 

-0.79 
-4.6 

NA  

1131C 
Semi-on State 
VG = -2, PCH = 1W 

-0.15 
-0.87 

1.68 
9.79 

1.93 
11.24 

0.88 
5.13 

3.74 
21.8 

Green traps 
created 
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Table 5-3.  Optical pumping results of AFRL devices that degraded gradually.  

Device 
DC-stress 
Condition 

        

                             
 

Comments 

R G B V UV 

1930C 
Off State  
VG = -5, VD = 20 

-3.32 
-19.3 

-5.8 
-33.8 

-0.8 
-4.66 

2.84 
16.6 

NA 
violet traps 
created 

1128C 
Off State: VG = -7,  
VD step 1hr =15 to 16 

-0.87 
-5.07 

-0.22 
-1.28 

0.65 
3.79 

2.82 
16.4 

NA 
blue, violet traps 
created 

2224C 
Semi-on State  
VG = -2, PCH = 1W 

-0.3 
-1.75 

2.69 
15.7 

8.74 
50.9 

6.41 
37.4 

NA 
green, blue, violet 
traps created 

2126D 
Semi-on State  
VG = -2, PCH = 1W 

0.59 
3.44 

2.14 
12.47 

6.62 
38.6 

5.4 
31.5 

NA 
traps of many 
energies created 

1330D 
Semi-on State  
VG = -2, PCH = 1W 

-1.2 
-7.0 

-1.14 
-6.64 

2.66 
15.5 

3.29 
19.2 

NA 
blue, violet traps 
created 

2220C 
Semi-on State  
VG = -2, PCH = 1W 

0.48 
2.8 

2.28 
13.28 

3.74 
21.8 

4.46 
26.0 

NA 
traps of many 
energies created 

2220B 
Semi-on State  
VG = -2, PCH = 1W 

-0.52 
-3.03 

-1.29 
-7.52 

-1.37 
-7.98 

2.86 
16.7 

7.64 
44.5 

violet traps 
created 

1125C 
Semi-on State  
VG = -2, PCH = 1W 

0.88 
5.13 

2.95 
17.2 

4.29 
25.0 

6.1 
35.5 

18.0 
105 

traps of many 
energies created 

1126C 
Semi-on State  
VG = -2, PCH = 1W 

-1.12 
-6.53 

-1.86 
-10.8 

-0.25 
-1.46 

2.35 
13.7 

13.1 
76.4 

violet traps 
created 

2419C 
Semi-on State 
VG = -2, PCH = 1W 

1.5 
8.74 

1.7 
9.9 

5.8 
33.8 

4.8 
28.0 

NA 
traps of many 
energies created 
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Figure 5-1.  Drain I-V response of an earlier design AlGaN/GaN HEMT (circa 2004) 

when exposed to a mercury-arc lamp. 

 
 
 

 

 
Figure 5-2.  Schematic of the effect that blue light has on traps in the band-gap of GaN 
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Figure 5-3.  Effect on traps in the GaN bandgap when exposed by different wavelengths of light. 
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Figure 5-4.  Absorption coefficients of GaN measured by photothermal deflection 

spectroscopy (the green trace) [103].  The lasers used in this study are 
marked by color traces. 

 

Figure 5-5.  Flow graph of the optical pumping procedure. 
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Figure 5-6.  Typical response of a AFRL device exhibiting abrupt degradation.  The 

shaded areas indicate the response when the device was exposed to light.  
A) The pre-test response.  B) The post-test response. 

 
 
 
 
 

 
Figure 5-7.  Typical response of an AFRL device exhibiting gradual degradation.  The 

shaded areas indicate the response when the device was exposed to light.  
A) The pre-test response.  B) The post-test response. 
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Figure 5-8.  Typical response of a vendor A device.  The shaded areas indicate the 

response when the device is exposed to light.  A) The pre-test response.  B) 
The post-test response. 

 
 

 
 

Figure 5-9.  Decay of drain current after device was exposed to blue light. 
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Figure 5-10.  Amplitudes of exponential determined from the waveform decay shown in 
Figure 5-9 at four of the ten temperatures measured. 
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Figure 5-11.  Arrhenius plot of the time constants shown in Figure 5-10 . The resultant 

activation energy was 0.14eV. 

 

 
Figure 5-12.  Decay of drain current after device was exposed to green light. 
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Figure 5-13.  Amplitudes at three temperature of exponential determined from the 

waveform decay shown Figure 5-12. 
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A)  
 
 

B)  
 

Figure 5-14.  Arrhenius plot of the time constants shown in Figure 5-12 .  A) The 
resultant activation energy is 0.92eV. B) The resultant activation energy is 
0.96eV. 
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CHAPTER 6 
CONCLUSION 

Summary 

We have built a characterization and electrical stressing system with optical 

pumping capabilities for use in reliability studies of advanced transistors. We have DC-

stressed AlGaN/GaN devices under different bias conditions with this system and 

proven the validity of the optical pumping technique. 

Reliability Test Station 

Optical pumping is a useful, non-destructive technique for studying traps in 

electrically stressed AlGaN/GaN HEMTs.  In order to demonstrate its capabilities, a 

novel, versatile, multi-functional tool using off-the-shelf power supplies, data acquisition, 

and measurement equipment has been designed, developed, and realized.  The tool 

can be used in several configurations, as listed below: 

 Multi-channel long term DC-stress station 

 High-speed, high voltage, pulse measurements station 

 Probe station 

 Optical characterization and stressing station 

 Portable unit 

It has been used for different device structures, including FETs, TLMs and analog 

switches and with devices made from different semiconductors such as Si, GaAs, and 

GaN.  One aspect that differentiates it from commercial reliability stress systems is its 

optical capabilities, allowing us to use various optical pumping approaches to further 

understand the role of traps and current on reliability of semiconductor devices. 

The control software in the tool was designed and implemented in-house using 

Microsoft C# and the .NET framework, giving it a high degree of flexibility. The 

components of the system include: 
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 RS-232 DC power supplies 

 USB data acquisition and control equipment 

 USB oscilloscopes 

 RS-422 temperature controllers 

 USB switching control 

The results of characterization and stress tests are stored into a SQL database.  The 

ability to access data using SQL has proven to be invaluable when analyzing data.  

Support tools to access the data from the SQL database have also been developed. 

The Data Viewer utility provides a user interface to the test results.  It has the 

ability to plot characterization data as I-V graphs as well as the strip-chart results from 

DC stress tests.  It also calculates VTH from transconductance data.  Finally, it has an 

export function that formats the data for plotting in graphical software applications like 

Origin and Excel. 

A filtering utility was needed to handle of the large quantities of data generated 

during optical pumping characterization.  The application processes raw samples and 

filters them to reduce the amount of data and remove noise from the signal. 

AlGaN/GaN Device DC-stressing 

Although many more devices were tested as the tools and techniques were 

developed, this research includes data from 27 devices, 21 AlGaN/GaN HEMTS and 6 

TLMs.  The AlGaN/GaN HEMTs came from three different sources: 1 Sandia Labs, 18 

AFRL, and two from an undisclosed vendor. 

The Sandia Labs device helped with basic understanding as we conducted proof-

of-concept experiments.  Using these devices, we were able to demonstrate the use of 

optical pumping during reliability testing was feasible. 
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The AFRL devices were the subject of most of the research. The two dominant 

failure mechanisms during DC-stressing were gate contact failure and trap creation 

beyond threshold electric field strengths.  The devices that exhibited gate failure did not 

show any current collapse but always manifested rapid and sharp fluctuations in drain 

current.  They usually failed with an abrupt drop in drain current.  Other devices that 

failed did so because of trap creation and experienced a gradual and permanent drain 

current collapse. 

The TLM structures all failed in catastrophic ways without showing any sign of 

degradation before the device failed.  We were able to observe a time-dependent critical 

voltage for the 10 µm structure.  For example, these devices failed instantaneously at 

40V (4kV/mm) but lasted between 10 and 27 hours at 38V (3.8kV/mm).  Similarly, 

Douglas [79] tested a 5 µm structure that failed catastrophically at 27V (5.4kV/mm) with 

a base-plate temperature of 100C 

Because the TLM structures did show any indication of degradation before 

catastrophic failure, we can conclude that the failures experienced in the HEMTs were 

not a result of the channel portion of the HEMT, including the Ohmic contacts.  The 

failure appears to be related to the gate and its interaction with the channel.  As 

reported by several groups [29–32], [34], [82], the bias on the gate leads to cracks and 

pits in the AlGaN layer below the gate edge on the drain side.  The cracks are caused 

by the piezoelectric nature of AlGaN and GaN, and the relaxation of the strained layer 

through crystallographic defect formation.   We hypothesize the cracks develop from 

pits, and pits begin with a void due to the migration of vacancies in the crystalline 
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structure.  By detecting trap formation, we can see the beginning of this chain of 

degradation using the optical pumping technique. 

Optical Pumping 

The optical pumping characterization confirmed devices that failed the DC-

stressing as a result of increased trapping (gradual degradation) showed remarkable 

changes in the before and after optical pumping characterization responses, particularly 

at blue light wavelengths.  The literature shows that traps at these energies include 

GaN, NGa, GaI, and suggest these types of traps are directly related to device 

performance and reliability.   Devices that did not fail the DC-stress or failed with a gate 

contact failure showed minimal differences in the optical pumping experiments, showing 

that trap creation was not the cause of failure. 

We also investigated the decay rates of the drain current after the device was 

illuminated.  When the light energy was removed, carriers were emitted from deep traps 

with long time constants, causing a delay in the drain current returning to equilibrium.  

Using a sum-of-exponential curve fitting technique, we analyzed the decay rates and 

activation energies of two traps.  Using the blue laser as our source, we extracted an 

activation energy of 0.14eV, corresponding to carbon on a gallium site (CGa).  The green 

laser yielded an activation energy of 0.96eV, corresponding to Gallium and Nitrogen 

antisite (NGa) and the VNH complex [50].  

Future Work 

The current optical pumping setup has limitations that need to be addressed in 

on-going work.  One of the challenges in the current setup is the alignment of light 

sources where each laser is individually adjusted on a fixed device.  The process of 

adjusting the optics to maximize the current response affects baseline measurements 
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where the filling of slow traps can cause a delay of several days as a device returns to 

its dark equilibrium.  If all of the light sources can be permanently aligned to a single 

point, then only the device needs to be adjusted.  Ideally, all light sources should be 

perpendicular to the device. 

Another limitation is the inability to fully pump devices with light sources that have 

different intensities.  Without the normalization of intensities, it is difficult to determine 

the contribution of each wavelength.  Often times we observed the effect of traps from 

blue and violet light, but could not discern the contribution of each source. If the 

intensities were normalized and were able to fully pump the device, we would be able to 

determine the contributions.  Normalizing the intensities is a challenge, since different 

wavelengths are absorbed differently and the creation of new traps will require more 

photon energy. 

In the current technique we needed to use other characterization tools such as 

lag measurements to determine the spatial location of the traps.  By incorporating 

illumination while making the lag measurement, spatial information may be obtained. 

In this work we began investigating using illumination as an accelerated aging 

stressor, but did not have enough devices to gather the systematic data needed to 

understand how the traps were being affected by the different wavelengths of light.  

Future work can continue this investigation and understand how continual illumination 

during stressing affects existing traps and the creation of new traps.  Since illumination 

affects the drain current, stressing while optically pumping can lead to the 

understanding of how increased current affects reliability at the same bias voltages. 
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APPENDIX A 
DATABASE SCHEMA 
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APPENDIX B 
SOFTWARE CLASSES 

User Interface and Control Application 

Device Drivers 

 Agilent8114 Class Reference 
Device driver for an Agilent 8114A High Power Pulse Generator 

 Agilent34401 Class Reference 
Device driver for an Agilent 34401 Digital Multimeter 

 HandyScope.HS4Diff Class Reference 
Device driver for the Handyscope HS4Diff USB oscilloscope 

 HandyScope.HS4Settings Class Reference 
Contains the current settings for a Handyscope HS4Diff USB oscilloscope 

 PA9103  
Device driver for RBD Instruments PA9103 picoammeter 

 PSM6003 
Device driver for Instek PSM6003 DC power supply 

 DG1022A 
Device driver for the Rigol DG1022A arbitrary waveform generator – gate pulsing 

 TCtrl5C7_200 
Device driver for Oven Industries 5C7_200 temperature controller 

 DDS3005 
Device driver for Hantek DDS3005 arbitrary waveform generator – gate pulsing 

 DDSCon 
Dynamic link library for Hantek DDS3005 arbitrary waveform generator 

GUI 

 FormRelSys 
Main Form Class 

 DC_PLOTDATA 
DC-stress results that will be displayed on the GUI stripchart 

 DC_GRAPH 
Plots DC stripcharts 
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 GraphKeyHelp 
Opens help form to show key shortcuts for graphs 

Characterization and DC stress 

 GATE_IV 
Performs gate I-V characterization tests 

 DRAIN_IV 
Performs gate I-V characterization tests 

 GatePulse 
Initializes the gate pulse hardware for gate I-V characterization tests 

 PULSE_IV 
Initialize for a pulse I-V characterization test 

 IV_PARAMS 
Parameters for a drain I-V characterization test 

 Gm_PARAMS 
Parameters for a transconductance I-V characterization test 

 PULSE_PARAMS 
Parameters for a pulse I-V characterization test 

 DC_PARAMS 
Parameter for a DC stress test 

 DEVICE_LIMITS 
Maximum and minimum limits for a device 

 RESULT_RECORD 
Results of a test, containing timestamp, VD, ID, VG, IG, temperature 

 LogError.ErrorHandler Class Reference 
Global error handler 

Device 

 DUT 
Device under test – contains test parameters and test hardware information 

 DUT_THRESHOLD 
Thresholds that defines when a device has failed 

 OPT_PUMP 
Optical pumping object 
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System Hardware 

 DAQ 
Channel hardware object 

 DAQ_CHANNEL 
Data acquisition settings for a hardware channel 

 DAQ_HW 
Channel data acquisition hardware settings 

 DAQ_READINGS 
Raw readings from the data acquisition 

 CALIBRATION 
System calibration object: ID and IG  

 OPT_PUMP_HW 
Hardware used for optical pumping 

Results 

 SampleData2File 
Controls result stack for data to be stored during optical pumping 

 SQLdb 
Saves tests results to SQL database 

 OPT_PUMP_RECORD 
Result record from a sample during an optical pumping test 

Optical Pumping Filtering Application 

 AvgData 
Averages input data 

 OptPumpFilter 
Applies boxcar filtering 

 PLOTDATA 
Sends averaged and filtered data to GUI
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