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I. Summary

The purpose of this work was to determine the impact of a 
high-temperature bimodal failure distribution on gallium 
nitride (GaN) device lifetime when operated at significantly 
lower channel temperatures.  The bimodal distribution was 
detected during a DC-only three temperature Accelerated Life 
Test (DC-ALT).  The Early Life Failure (ELF) devices in the 
bimodal distribution failed within a few hours at high ALT 
channel temperatures (350°C, 365°C, and 385°C), often 
catastrophically.  Previous reliability data from operation of 
thousands of MMICs for thousands of hours from the same 
MMIC process/lots/wafers did not display the ELF 
mechanism. These devices were operated at channel 
temperatures ranging from 140°C to 250°C.  This indicated 
that the ALT-ELF mechanism had very high thermal 
activation energy (Ea), was an artifact of the DC-ALT stress, 
and would not be experienced in normal MMIC lifetimes at 
normal operating conditions. The DC-ALT had to operate at 
the high channel temperatures to induce the intrinsic wear out
failure mechanism, which sometimes also triggered the high 
Ea ALT-ELF mechanism, confounding the ALT data.  In order 
to use the devices in systems with stringent reliability 
requirements, the high Ea theory had to be empirically tested 
and proven.

A detailed investigation was completed, utilizing various 
failure analysis techniques, step-stress testing, and long-term 
ALT testing to quantify the suspected ALT-ELF mechanism.
The results showed that the ALT-ELF mechanism was a 
byproduct of the high channel temperature testing, and would 
not impact device lifetime at normal operating temperatures; 
since the high Ea mechanism is not activated at the lower 
channel temperatures.  During the course of the failure 
investigation, the 0.25-µm 40V GaN process was enhanced, 
eliminating the ALT-ELF mechanism on future product.  

II. Initial ALT Testing

The Cree G40V4 device is a GaN-on-SiC high electron 
mobility transistor (HEMT) device.  It is fabricated using a
0.25µm gate length process. It operates up to 40VDC, with RF 
power densities of up to 6 W/mm up to 18GHz. The G40V4 
device is processed on 100-mm diameter silicon carbide (SiC) 
wafers. As part of a new technology insertion effort for use as 
high-powered amplifier in an active electronically scanned 
array (AESA), discrete FETs from three wafers were selected 
for ALT at channel temperatures of 350°C, 365°C, and 385°C.
Twenty-four 3.6-mm-gate-periphery discrete GaN HEMT
devices (10 x 360µm) were tested per wafer.  

The drain voltage was set at 40VDC, with the gate voltage 
adjusted to maintain a power dissipation of 6 W/mm.  There 
was no burn-in or other pre-ALT conditioning of the devices 
prior to test. Testing was performed on a computer-controlled 
automated test set.  The startup procedure used to bias the 
devices elevated the base plate temperature to 60°C, placed a
bias on the gate sufficient to pinch-off the field effect 
transistor (FET), and then applied +40V to the drain.  Next the 
gate bias was brought more positive until the power level of 6
W/mm was achieved.  The base plate temperature was then 
rapidly raised with the gate bias periodically adjusted to 
maintain the target power density.  The base plate temperature 
was held constant during the DC-ALT, except for down-point 
testing of parametric data, with the gate voltage dynamically 
adjusted to maintain constant power / constant drain voltage as 
the device degraded.

The primary pass/fail criteria was initially established as a 1dB 
drop in RF power out, which was to be measured at various 
test down-points on an ex-situ separate RF test station.  DC 
parametric data was scheduled more frequently, every 24 
hours, on the in-situ semiconductor parameter analyzer (SPA) 
that was integrated into the accelerated life test equipment.  
The intrinsic GaN FET wear-out mechanism for this 
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technology was previously established as ohmic contact 
degradation [1].  The ohmic contact wear-out mechanism is 
consistent across all Cree processes that range from 28 to 50 
volt operation. An image of a 3.6mm FET exhibiting the
ohmic contact degradation mechanism from a previous DC-
ALT is shown in Figure 1.

Fig. 1.  Optical image of device stressed to failure showing the 
intrinsic ohmic contact degradation wear out mechanism.

Very early into the DC-ALT (detected at or before the first DC 
measurement at 24 hours), a bimodal failure distribution was 
observed. One of the three wafers exhibited an ELF 
mechanism in all of devices tested at a channel temperature of
350°C or higher. The failure mode of the ALT-ELF devices 
was either a very large negative gate threshold shift (several 
volts), or a catastrophic failure. Threshold voltage was 
measured during DC-ALT down-point testing at a drain-to-
source voltage (Vds) of 40V at a drain current of 1 mA/mm.  
The other two wafers did not exhibit the ALT-ELF mechanism
while stressed at 350°C, 365°C, and 385°C, showing strong
wafer dependence for ALT-ELF behavior. Figure 2 shows an 
example of the time evolution of an ALT-ELF negative 
threshold shift at a channel temperature (Tch) of 365°C.  The 
failure occurred within the first hour of stress. A fourth wafer 
that exhibited the ALT-ELF mechanism tested at or above 
350°C was identified in a subsequent ALT, and devices from 
this wafer were also used in this failure investigation. 

Fig. 2.  ALT-ELF negative threshold shift over time at Tch = 
365°C.  The ALT-ELF mechanism occurred rapidly when
present.

The failure mode for all ALT-ELF devices was either a very 
rapid, large negative shift in threshold voltage (Figure 2), or a 
sudden catastrophic failure.  Infrared (IR) microscopy was 
used to detect the region on the FET associated with the large 
negative threshold shift.  Figure 3 shows an IR image of the 
device with the negative threshold shift while biased at a Vds

of 10V, a gate-to-source voltage (Vgs) of -6V, and a drain-to-
source current (Ids) of 9mA with the IR stage temperature at
75˚C.  Lower drain voltages were utilized for IR microscopy 
to prevent additional damage in any detected hot spot regions. 

Localized loss of gate control was detected, as shown in the 
hotspots. The ALT-ELF device shown in Figure 3 was a
typical failure in that there was a single failure site on a single 
gate finger (one of ten on the 3.6mm test FET), indicating that 
the failure was most probably due to a an extrinsic failure
caused by a localized defect site, and not by the intrinsic wear 
out mechanism.
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Fig. 3.  IR image of local heating in area of loss of gate control, at 
Vds of 10V, Vgs of -6V, and Ids of 9mA.  The region shown in red 
was hotter than the surrounding area, indicating a loss of gate 
control.

Infrared analysis of other ALT-ELF devices with a gate 
threshold shift showed that the defect site was also randomly 
located on the gate periphery, usually on a single gate finger.
The catastrophic failures were a subset of and a more severe 
form of the threshold shift failure mode; where the loss of gate 
control was sudden and severe enough to result in massive 
device failure.  By increasing the initial startup ALT 
temperature above 350°C, the percentage of catastrophic
failures was markedly increased at the two higher ALT 
conditions of 365˚C and 385˚C. All devices at the 385°C 
stress condition were catastrophic failures. This was the first 
indication that the ALT-ELF mechanism was highly 
accelerated by temperature.

Additional data from thousands of G40V4 HPA MMICs 
manufactured in the same time period using the same process 
did not display the ALT-ELF mechanism, and exhibited 
extremely low early life failure rates during factory module 
and array level testing.  The early failure rate was well under
0.5%.  These MMICs were operated in hundreds of modules at 
much lower channel temperatures (between 140˚C and 250˚C)
for thousands of hours without any performance degradation
or failure. This was another indication that the extrinsic ALT-
ELF mechanism most probably had very high thermal 
activation energy, and was a threshold failure event. If the 

threshold temperature was not reached, failure would not 
occur. 

Focused Ion Beam (FIB) / Scanning Electron Microscopy 
(SEM) / Scanning Transmission Electron Microscopy (STEM)
(all techniques for micro cross-sectioning and high-resolution 
imaging of semiconductor structures) analysis was performed 
on the gate leakage site shown in Figure 3. However, the 
resolution of the images was insufficient to determine root 
cause, and the anomalous site was no longer visible after the 
STEM sample preparation process.  At this point, the root 
cause and corrective action of the ALT-ELF mechanism was
pursued separately as part of Cree’s DPA-funded Title-III 
Program for “GaN-on-SiC MMIC Production for S-Band and 
EW-Band Applications” [2]. Therefore no additional 
FIB/SEM/STEM images of leakage sites were performed as 
part of this independent effort. 

The focus of this effort became centered on determination and 
statistical projection of the reliability of devices with the ALT-
ELF mechanism operated at channel temperatures below the 
350˚C to 385˚C three-temperature ALT stress levels, and also 
at typical MMIC operational channel temperatures (140°C to 
250°C) using longer term, lower temperature DC-ALT as the 
primary tool.  This was done to understand the bimodal ALT 
population, and to understand how thousands of similar 
MMICs were reliably operated at channel temperatures from 
140°C to 250°C during engineering demonstrations.  For this 
investigation only, the failure criteria for further DC-ALT 
were changed from 1-dB drop in power output (Pout) to a 10% 
delta in gate threshold voltage.  Lower temperature, longer 
duration accelerated life tests are most frequently performed to 
rule out failure mechanisms with medium to low thermal 
activation energies [3]. In this case, lower temperature, longer 
duration testing was targeted at better understanding what 
appeared to be an extrinsic failure mechanism with a very high 
Ea. 

It is worth noting that the large gate periphery of the ALT 
Device Under Test (DUT).  This DUT has a large 3.6 mm of 
gate periphery (10 gate fingers, 360 µm/finger).  FET or 
bipolar ALT DUT structures for compound semiconductors 
can be less than 1 mm in gate (or emitter) periphery. This 
smaller DUT size is often necessitated by test set power 
handling limitations, package cavity size limitations, or 
thermal control issues.  While appropriate for extraction of the 
intrinsic device wear out failure mechanisms, the smaller
periphery structures can have a deleterious impact on the 
detection of an extrinsic failure mechanism.  Similar to metal-
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insulator-metal (MIM) capacitors, where insufficiently small
MIM capacitor area test structures can mask extrinsic defects 
in a capacitor population [4], a transistor test structure with a 
small periphery can also mask extrinsic defects.  However, a 
large test structure periphery is far more perceptive to extrinsic 
failures, and this can be demonstrated with a simple 
probability calculation.  For example, if a randomly 
distributed defect were activated by channel temperatures of 
350°C and higher, it was randomly distributed, and it occurred 
in only 5% of the 360-µm gate fingers, the probability of 
detection during a 350˚C or higher ALT would be greater than 
40% (two of every five DUTs) in a 3.6-mm FET (1).

Pfailure_all_fingers = 1 – (1– Pfailure_single_finger)^(# of fingers)         (1)

If the DUT gate periphery were a single 360-µm finger (or 
equivalent), the probability of detection would simply be 5% 
(or one in 20).  It is possible that a 5% ALT early life failure 
rate (one in 20) would not be investigated in great detail, 
whereas an ALT early life failure rate of 40% certainly would.
A larger periphery DUT structure is far more perceptive to a 
randomly distributed extrinsic defect.

III. ALT-ELF Investigation 

As the evidence suggested, the ALT-ELF mechanism was a 
very high Ea mechanism or threshold event that did not occur 
at lower channel temperatures.  The focus of this effort 
became centered on determination of, and statistical projection 
of, the reliability of devices with the ALT-ELF mechanism 
operated at channel temperatures well below the 350˚C to 
385˚C three-temperature DC-ALT stress levels.  To support 
more extensive, lower channel temperature life testing, 
additional 3.6-mm discrete devices were procured from the 
two wafers that exhibited the ALT-ELF mechanism on 100% 
of devices stressed at channel temperatures of 350°C and 
higher.

The first test run to determine the threshold temperature for 
the failure mechanism was a step-stress test. In contrast to the 
first ALT test, where the devices were taken directly to the 
target Tch (e.g., 350°C or 385°C), these devices were started at 
a channel temperature of 170°C and stepped up in Tch by 10°C 
every 24 hours at 6 W/mm at a Vds of 40V.  In this step-stress 
ALT, we used fresh devices from both of the two wafers 
previously identified as having a 100% failure rate above a Tch

of 350°C wafer. The failure criterion was a 10% change in 
threshold voltage (Vth).  

After several weeks of stepping up the channel temperature, 
all devices reached the maximum Tch of 385°C with less than 
a 10% change in Vth; they did not manifest the ALT-ELF 
mechanism. This result indicated that the ALT-ELF 
mechanism was not only dependent on a very high channel 
temperature to manifest, but also that it could be mitigated by 
starting at low temperatures and then stepping up to the very 
high ALT channel temperatures. These six devices were then 
held at a Tch of 385°C and operated at or beyond the median 
lifetime of the intrinsic ohmic contact degradation wear-out
mechanism [1] without failure.  The previously observed 
ALT-ELF mechanism of a gate threshold shift never 
manifested. Figure 4 shows an optical image of one of the 
step-stress devices visually displaying the ohmic contact 
degradation wear out mechanism at 4430 hours at a Tch of 
385°C.  As device Idss degraded and Rds increased, the gate 
voltage had to be taken more positive to maintain the 6 W/mm 
power density.  The 385°C ALT temperature was expected to 
result in rapid device failure, but by “stepping-up” to the 
highest ALT channel temperature, no local loss of gate control 
was observed.

Fig. 4.  Step-stressed device operated at a channel temperature of 
385°C to 4430 hours showing visual signs of ohmic contact 
degradation.

Since the step-stress technique did not determine the threshold 
temperature for the ALT-ELF mechanism, and actually 
eliminated the ALT-ELF mechanism, a different approach was 
taken. More devices from wafers with the ALT-ELF feature 
were started in DC-ALT at various channel temperatures to 
determine if there was a threshold temperature for failure.  If a
device exhibited the mechanism, it would be removed from 
the test, and subjected to failure analysis to confirm ALT-ELF.
If it did not exhibit the mechanism, it would be operated for 
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many thousands of hours to determine if the ALT-ELF 
mechanism could manifest at a later time (all previous ALT-
ELF mechanisms had occurred in less than 24 hours).  Using 
this strategy, devices from the two ALT-ELF wafers of 
interest were started at various channel temperatures, ranging 
from 233°C to 333°C. All devices were operated at a Vds of 
40V.  To determine if the ALT-ELF mechanism was 
dependent on power density, some devices were operated at 4 
W/mm instead of 6 W/mm. 

Figure 5 illustrates the resulting channel temperature versus
stress time for ALT-ELF devices.  Devices in red were shown 
to exhibit the ALT-ELF mechanism, while devices in green 
did not exhibit this mechanism.

Fig. 5. Data from 111 3.6mm devices from two wafers.  Channel 
temperature vs. stress time for ALT-ELF devices.  Devices in red 
failed in the first hour of testing, green devices did not exhibit 
ALT-ELF behavior. Some devices were operated without failure 
for greater than 12,000 hours (~1.5 years).

Data from Figure 5 show that the ALT-ELF mechanism was a 
threshold event, and it occurred immediately (within an hour) 
in a device or not at all.  Below a Tch of 296°C, no instances of 
ALT-ELF occurred, with devices running for more than a year 
with no threshold shift, catastrophic failure, or other type of 
failure.  Above Tch of 333°C, the mechanism occurred on all 
devices.  The failure distribution was bimodal, and if the 
negative voltage threshold shift did not occur in the first hour, 
it did not occur at all.  An Arrhenius-lognormal probability 
plot, using a failure criterion of a 10% change in threshold 
voltage, was constructed from the data set shown in Figure 5. 
This probability plot is shown in Figure 6.

Fig. 6.  Arrhenius-lognormal probability plot of ALT-ELF data, 
the threshold mechanism showed a very high Ea (>5 eV) and also 
a very high sigma (>4). The time to 1% failure from this failure 
mechanism is >100 million hours at a 90% level of confidence.

The thermal activation energy for the ALT-ELF mechanism 
was greater than 5 electron-volts (eV). The plot is bimodal, 
including devices that failed ALT-ELF within the first hour 
and devices that did not fail at all.  The devices that did not 
fail are viewed as right-censored data, meaning that the time to 
failure is greater than the stress time. As these devices were 
run, the Ea continued to grow larger with the right-censored 
devices accumulating more stress time.  The time to 1% 
cumulative device failure for this extrinsic failure mechanism 
was calculated to be greater than 100 million hours at a 
channel temperature of 200°C, indicating that this mechanism 
would not occur during useful operational life.  Figure 7
shows a life-stress plot of the ALT-ELF data from Figure 6.
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Fig. 7.  Life-stress plot showing t50% and t1% vs. temperature 
with both one-sided 90% confidence intervals

The wear-out failure mechanism for devices operated at a Tch

of 296°C and lower would be the ohmic contact degradation 
mechanism.  With some devices operating for greater than 
12,000 hours, and with the ALT-ELF mechanism shown to not 
occur at these channel temperatures, the testing was halted.  

To close out the effort, hundreds of the enhanced process 
devices across numerous wafer lots were tested at channel 
temperatures of 350°C and higher for shorter periods of time 
(48 to 72 hours).  This time duration and channel temperature 
range was selected because it was known to reveal the ALT-
ELF mechanism, if present. The data is plotted in Figure 8.

Fig. 8.  147 enhanced process devices from 4 lots tested at Vds = 
40V at 6 W/mm showing ALT-ELF mechanism not present.

The G40V4 40V GaN process engineering team enhanced the 
device fabrication process to eliminate the ALT-ELF behavior 
altogether [2]. The enhanced process succeeded in addressing 
the occurrence of the ALT-ELF mechanism in subsequent

accelerated life tests of enhanced G40V4 devices.  This 
process enhancement did not impact reliability of MMICs or 
discrete devices operated below a channel temperature of 
296°C, and it allowed a more straight-forward extraction of 
the Ea during three-temperature DC-ALT, as the ALT-ELF 
mechanism would no longer complicate the data set.  Figure 9 
shows the three-temperature Arrhenius-lognormal life stress 
model for devices from the enhanced G40V4 process at a 
channel temperature of 200°C, from devices across several 
wafer-lots. 

An important correlation of the DC-ALT lifetime to RF-ALT 
lifetime was also performed at Vds of 40V, an average power 
dissipation of 5 W/mm (range from 4.8 to 5.4 W/mm), at an 
average channel temperature of 364°C, and with 
approximately 3dB RF compression. This DC-to-RF stress 
test correlation is important since higher voltage has been 
shown to reduce lifetime in some GaN FETs if above a critical 
value [5]. The RF-ALT data is also included in Figure 9, 
showing the RF stress did not reduce device lifetime.

Fig. 9.  Arrhenius-lognormal life-stress model for devices from 
the enhanced G40V4 process at a channel temperature of 200°C.  
Median lifetime at 200°C is >2E+6 hours.  RF life test data shows 
good correlation to DC stress data.

Figure 9 shows the RF-ALT data in tabular format.  The 
median lifetime was 3100 hours at an average Tch of 364°C.
The lognormal sigma was 0.6 and the Ea was 1.5 eV. The DC-
ALT data, taken from 86 devices across 3 wafers, had a very 
tight sigma of 0.5 and a similar thermal activation energy of 
1.2 eV.  The failure criteria remained a 1dB drop in RF power 
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out.  The DC life-stress model projects a median lifetime of 
1400 hours at a channel temperature of 364°C, the RF life 
median lifetime was about double (3100 hours), and was 
within the experimental error given the sample size for this RF 
accelerated life test.  The sigmas of the DC-ALT (0.5) and RF-
ALT (0.64) were comparable as well.  The conclusion from 
the RF life test was there was no additional degradation from 
the additional voltage stress of the RF 3dB compression at a 
drain voltage of 40V.

IV. Conclusions 

This work determined that there was no statistically 
measurable impact on G40V4 GaN MMIC lifetime by a
certain extrinsic, high Ea ALT-ELF mechanism on MMICs 
operated at channel temperatures below 296°C.  A step-stress 
test showed that lower temperature operation prior to stress 
above 296°C, prevented the high Ea mechanism from 
occurring, even at the highest ALT temperatures used.
Devices with the extrinsic defect were operated reliably for up
to 12,000 hours from a Tch of 233°C to 333°C which showed 
the high Ea mechanism was an artifact of the very high ALT 
stress temperatures, and that it would not occur during useful 
lifetime when operated at lower temperatures. It was also 
shown that a test structure with a very large gate periphery is 
more perceptive to detecting extrinsic gate defects than much 
smaller structures.

In parallel with the ALT-ELF investigation, the ALT-ELF 
mechanism was shown to have been eliminated through a 
process enhancement. Although it was shown that the ALT-
ELF mechanism would not occur in normal device operation, 
eliminating it was desirable to remove bimodal distributions 
from future ALT experiments.  An ALT was then performed
on the enhanced devices, and an updated life-stress model was 
derived with a unimodal failure distribution with median 
lifetime of greater than 2 million hours at a Tch of 200C and a
low sigma of 0.5. The wear out mechanism was ohmic 
contact degradation.

Finally, an RF-ALT was completed on the enhanced process 
devices at a DC Vds of 40V, an average channel temperature of 
364°C, and at 3dB RF compression. This showed a good DC-
to-RF lifetime correlation, with no RF voltage effect on device
lifetime at 40V operation. 
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