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Abstract— Owing to its high power, high efficiency, high gain and
high frequency capabilities RF-GaN technology has not only
dominated satellite, aerospace and telecom industry but also been
tapped as the most promising candidate for 5G technology
extension to millimeter wave (MMW) applications. Excellent
device performances with output power density (Pout) exceeding
3 W/mm and peak power added efficiency (PAE) above 35 %
have been demonstrated by Wolfspeed's 5G-MMW capable 28 V,
150-nm gate length (V5) GaN on SiC technology. In this work we
show the comprehensive DC (both on and off state) and RF
reliability assessment and lifetime projection (both DC and RF)
of such MMW capable 28 V rated 150-nm gate length process
technology (G28V5). The on-state and off-state results coupled
with the reliability without hermiticity (RWOH) capability and
intrinsic reliability assessment up to 31.5 GHz demonstrate the
maturity and reliability of V5 technology as a true candidate for
MMW applications.
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I.

INTRODUCTION

After the first mobile phones came to the market back in
the 80s, telecommunication providers are in the constant
lookout to expand coverage, improve services, and attract
more users for mobile network. Although mobile voice calls
were supported by the first-generation networks, they were
limited in coverage and capacity. Those limitations were
subsequently addressed in second-generation (2G), third
generation (3G), and fourth generation (4G) networks. In 2018,
to meet the growing demands for data from consumer and
industrial users, telecommunication providers started to deploy
fifth generation (5G) networks. Rather than evolutionary, the
revolutionary advances of 5G are expected from the existing
networks. The vision of 5G includes an unlimited experience
of extreme mobile broadband, the instant action of ultrareliable, low latency critical machine communication and the
aspect of massive machine type communications, more
commonly referred to as Internet of Things (IoT). Employing
all these features, 5G networks are expected to enhance
consumer services (e.g., virtual reality applications), make
huge strides for new industrial uses (e.g., industrial sensors),
help growing number of connected devices (e.g., smart homes,
IoT), and generate a variety of new applications (e.g., smart
city applications, autonomous cars). The vision of 5G [1], [2]
and the possible applications have been captured in Fig. 1.
Owing to certain features conducive to wireless
communications, the frequencies below 6 GHz is favored for

Figure 1. the 5G vision and applications shown here. adopted from
various sources including [1], [2].

most mobile devices. Waves in this frequency band can travel
longer distances and can penetrate walls and buildings thus
enabling coverage across wider areas. However, day by day
with increased traffic, this segment of the spectrum (below 6
GHz) is becoming crowded, which in turn can result slower
speeds, slower connections, and dropped calls. These
limitations have forced companies to look at other new
spectrum bands. One attractive alternative was to use
frequency bands between 30 GHz and 300 GHz (also known
as millimeter waves or MMW) which not only offer greater
bandwidth (more traffic handling capacity) but at the same
time provide increased speeds. In the past, MMW was
overlooked for mobile communications because of its shorter
wavelength, and limitation in traveling greater distances and
through buildings. However, alternative proposals to such
shortcomings were put forward which include the use of
closely placed small cells to relay shorter waves across longer
distances and to interconnect them to provide high-speed in
specific areas. Thus, to harness the best of different frequency
bands 5G technology should leverage multiple spectrum bands
namely low-band spectrum (below 1 GHz), mid-band
spectrum (1 GHz-6 GHz), and high-band (MMW) spectrum
[1]. MMW may be used in densely populated areas, while lowand mid-band nodes may be used in less dense areas. This
implementation will enable the 5G network to use all three
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interconnected bands thus providing blanketed coverage while
maintaining the fastest speeds in the most highly trafficked
areas.
II.

GaN FOR 5G AT LOW/MID-BAND SPECTRUM

For the sub-6 GHz version of 5G [3] GaN will have to
compete with other technologies like silicon LDMOS.
However, higher output impedance and ability to deliver
higher power density make GaN devices more power efficient
as compared to Si. The multiple input multiple output (MIMO)
and beamforming technology which will be employed by 5G
architecture, will hugely benefit from this DC power saving
through enhanced functionality and flexibility [4], [5]. The
envelope tracking is another key functional advantage of GaN
over Si, because silicon power amplifiers (PA) can’t switch
power levels up and down quickly and effectively unlike GaN.
Thus, key players like Wolfspeed, Qorvo, NXP, Sumitomo,
Mitsubishi and other chipmakers have promoted GaN as a
likely successor to LDMOS in 5G base station PA and other
applications. This does not mean that GaN is always the right
choice for every RF power application. The availability of
LDMOS at a lower price point and its ability to deliver very
competitive linearity at certain frequencies makes a case for its
own. In certain market niches GaAs has its own efficiency
advantages too. However, recognizing all the benefits and
potential that GaN has to offer below 6 GHz, the dominance of
RF-GaN in 5G seems inevitable. In several earlier publications
Wolfspeed has demonstrated reliable, high performance GaN
on SiC discrete and MMIC devices for sub MMW
applications. The details of intrinsic reliability performance,
overcoming challenges stemming from different failure
modes, technology qualifications, target applications of
different Wolfspeed technologies namely G28V3 (28 V,
0.4 μm), G28V4 (28 V, 0.25 μm), G40V4 (40 V, 0.25 μm) and
G50V3 (50 V, 0.4 μm) have been presented through various
publications [6]-[10]. All these publications point to the
capability of Wolfspeed’s reliable high-performance RF-GaN
process technology for satellite, aerospace, telecom and
specifically for 5G applications in this case.
III.

technology (G28V5). Apart from DC accelerated life test (DCALT) and RF accelerated life test (RF-ALT) mediated lifetime
projection, Ka-band device reliability (~ 30 GHz) has also
been assessed under RF high temp operating life (RF-HTOL)
stress thus demonstrating the capability and reliability of GaN
on-SiC HEMT technology for MMW application.
IV.

QUALIFICATION TEST RESULTS

The GaN-on-SiC 150 nm HEMTs were fabricated and
processed on 100 mm high purity semi-insulating (HPSI)
4H-SiC substrates, and the devices were assembled, at
Wolfspeed in NC, USA. The 1000 hours of high temperature
reverse bias (HTRB) test done at 150 °C and 500 cycles of
temperature cycle (TC) reliability test were performed on
14.4 mm periphery devices to demonstrate the maturity of the
technology. The 1000 hours of DC-HTOL test was performed
on 3.6 mm devices at junction temperature (Tj) of 225 °C. The
detail regarding the estimation of Tj can be found elsewhere
[13]. No device displayed a parametric change of 1 dB or more
in critical RF parameters (namely Gain, PSAT) post stress. The
changes in drain and gate leakages post stress were also well
behaved and well below 5x shift as shown in Fig. 2(a-b). After
HTRB the leakage went down slightly. The HTRB in-situ gate
leakage curves as shown in Fig. 2(c) correlates well with the
post stress leakage measurement. Also, the changes in other
critical DC parameters like Ron, Vp, IDSS were all well
behaved and below the 10 % shift mark.

GaN FOR 5G AT HIGH-BAND SPECTRUM

Above 6 GHz for the MMW applications, the benefit of
GaN on SiC seems more obvious. The highly efficient RFGaN technology at high frequency and over wide bandwidths
can help to shrink the massive MIMO systems. GaN-based
amplifiers can achieve frequencies up to 100 GHz at power
densities up to five times higher than other competing
technologies. The higher efficiency and output impedance
coupled with lower parasitic capacitance, make it easier for
GaN devices to wideband matching and scaling to very high
output power. Wolfspeed and some other 5G aspiring
companies have demonstrated manufacturable 28 V, 150 nm
GaN HEMT technology for MMIC design, and competitive
performance up through 30 GHz have been reported [11], [12].
Wolfspeed’s recent publication has captured excellent RF
performance with output power density (Pout) exceeding
3 W/mm and peak power added efficiency (PAE) above 35 %
using an optically defined, i-line 150-nm gate process [11] thus
paving the pathway for MMW application. In this work we
present the comprehensive reliability assessment and lifetime
projection of 28 V rated 150 nm gate length process

Figure 2 (a-b). Drain leakage and Gate leakage (Vd = 10 V, Vg = -8 V)
measured before and after HTRB (at 150 °C) and TC.

Figure 3 (a-c). Ron, IDSS and 3.5 GHz PSAT shift post 1000
hours of HTOL stress (at Tj = 225 °C) as compared to pre-stress data.

Figure 2 (c). In-situ gate leakage data of 77 devices (14.4 mm
gate periphery device) under HTRB stress.

Fig. 3(a-c) shows the shift in Ron, IDSS and PSAT post 1000
hours of HTOL stress (at Tj = 225 °C) as compared to the prestress data. Table I summarizes the test conditions, the sample
sizes and the test results. The results demonstrate a lot
tolerance percent defect (LTPD) of 3 or lower with 90 %
statistical confidence level. To our knowledge, for deep
submicron GaN HEMT this is the first successful
demonstration of 1000 hours of HTRB test done at 300 % of
its operating quiescent voltage with such large periphery
devices.
V.

INTRINSIC RELIABILITY

The RF-ALT study was performed on 3.6 mm discrete
FETs at 3.5 GHz with Tj ranging from (360 – 400) °C, at Pin
= 26 dBm (at peak PAE), and Vd = 28 V. As shown in
Fig. 4(a), based on the in-situ data a device failure time (TTF)
was determined when the device had failed catastrophically, or
output power (Pout) was degraded more than 1 dB (whichever
condition was met first).
Through physical failure analysis (FA) the key failure mode
for V5 was determined to be field plate (FP) voiding and ohmic
contact degradation (likely relevant only at higher temperature)
as shown in Fig. 4(b). This is consistent with our finding with
other technologies.

Using Arrhenius temperature-accelerated lifetime model
and lognormal statistics a fit to the RF-ALT test data yields a
median time to failure (MTTF) prediction of over 1E6 hours at
225 °C junction temperature as shown in Fig. 5(a). Since FP
stacks are similar across technologies and FP voiding is the
main failure mode at the maximum operating temperature
(225 °C), we would expect similar MTTF numbers under
RF-ALT at 225 °C for different technologies as shown in the
same figure. In this context it is imperative to point out that
device lifetime obtained through RF-ALT, has almost no, or
very weak, dependence on frequency.
The DC-ALT test was performed on 3.6 mm gate periphery
G28V5 devices under DC drive conditions at the nominal drain
operating voltage (28 V), high dissipated power of ~6 W/mm
and junction temperature ranging from (350 – 380) °C. A
device failure was defined as a condition in which a stressed
device has 15% change in Idmax (for Vg = 1 V and Vd = 7.5 V).
For any devices that did not reach the failure criterion by the
conclusion of the test, their lifetimes were estimated by
extrapolating the Idmax degradation to 15% decrease from its
initial value by a sqrt(time) fit. A fit to the DC-ALT TTF data
using an Arrhenius temperature-accelerated lifetime model and
lognormal statistics yields an activation energy of over 2 eV and
MTTF prediction of over 6E7 hours at 225 °C junction
temperature as shown in Fig. 5(b). Although DC-ALT has a
higher activation energy and gives longer lifetime predictions,
it is not the most important reliability metric for normal
operating conditions and would give an overly optimistic
prediction. The RF-ALT capability and methodology that have
been developed by Wolfspeed, are considered to be more
relevant [14] to use conditions in typical applications.

TABLE I. QUALIFICATION TEST RESULTS
Stress

Stress Condition

Duration

# of Lots
Sampled

# of Samples
per Lot

Total Sample
Size

# Failed

DC-HTOL

VDS = 28 V,
IDS = 514 mA,
(Pdiss~4 W/mm), Tj = 225 °C

1000 Hours

3

≥ 25

77

0

HTRB

VDS = 84 V,
VGS = -8 V, Ta = 150 °C

1000 Hours

3

≥ 25

77

0

TC

Ta = -65 °C to 150 °C

500 Cycles

3

≥ 25

77

0

Figure 4(a). Representative Pout degradation (dB) versus hours for
a set of G28V5 devices under RF-ALT (3.5 GHz) at accelerated
stress junction temperatures. The different curves represent sets of
devices that can be considered equivalent for the purposes of this
test.

Figure 5(a). RF-ALT mediated MTTF versus junction temperature
for G28V5, G40V4 and G50V3 at 3.5 GHz.

Figure 4 (b). Different failure modes observed for Wolfspeed
devices under accelerated DC/RF-ALT stress.

VI.

KA BAND RELIABILITY ASSESSMENT

Pre-matched single stage MMICs with multi fingered FETs
(6x50 µm) were used (shown in Fig. 6(a)) to evaluate
reliability in the Ka-band (31.5 GHz) under RF-HTOL stress.
A group of devices were stressed at Idq = 40 mA, Vd = 28 V,
Pin = 20 dBm and for Tj = 225 °C. After 2000 hours stress
duration, none of these devices showed a drop of 1 dB in Pout
nor did they fail catastrophically as shown in the in-situ plot in
Fig. 6(b). Post-stress transistor transfer curves as presented in
Fig. 6(c) demonstrate the perfectly functional devices after
long hours of RF-HTOL stress at 31.5 GHz. In addition to the
single stage MMIC (6x50 µm), the RF-HTOL stress tests were
also performed on a large (> 13 mm gate periphery) three-stage
MMIC under Idq = 40 mA, Vd = 28 V, Pin = 20 dBm and for
Tj = 250 °C near 30 GHz. Post 1000 hours like the single stage
MMIC results minimal shift in critical RF parameters were
noticed thus further bolstering the potential of RF-GaN for 5G
MMW application.

Figure 5(b). MTTF versus junction temperature for G28V5 RFALT and DC-ALT. Stars represent fiducial points to illustrate the
predicted lifetime at maximum rated junction temperature of
225 °C.

VII. RELIABILITY WITHOUT HERMETICITY (RWOH)
Other than performance at high frequency, one other key
challenge that RF-GaN technology or rather any 5G aspiring
technology needs to overcome is humidity robustness. By using
hermetic sealed packages or even by employing mold
compound, additional humidity protection can be achieved.
However, in some application spaces it might be required for
the die technology itself to provide the humidity robustness
while maintaining the performance at high frequency. As a
matter of fact, reliability without hermeticity (RWOH) is a
germane topic for certain applications including 5G.

well below 10x shift mark. Although this 96 hours HAST result
can easily be transformed to a 10 years of useful life under
normal operating condition but we will have to remember that
this calculation [15] is based on Al and Cu corrosion failure
mode and hence might not be totally applicable to RF-GaN
devices. However, we have presented results in
Minnowbrook’21 where activation energy number similar to Si
and GaAs technology has been obtained thus likely justifying
the 96 hours HAST test standard for RF-GaN devices as well.

Figure 6(a). The pre-matched single stage MMIC with multi fingered
FET (6x50 µm).

Figure 6(b). In-situ Pout plots during RF-HTOL stress at 31.5 GHz, Pin =
20 dBm, and Tj = 225 °C.

VIII. PERFORMANCE AND LIFETIME BOOST THROUGH
INNOVATIVE DESIGN
Although MTTF over 1E6 hours at 225 °C junction
temperature has been achieved through RF-ALT for the
G28V5 technology, there is demand for more. This demand
seems justified for operating junction temperature of 275 °C or
above where the projected MTTF turns out to be ~10 years or
lower (as per Fig. 5(a)). For 5G, such high temperature
requirement does not look imminent, but with ever-expanding
requirements it probably won’t be too long when junction
temperature close to 275 °C will become a necessity for certain
application spaces.
Wolfspeed has recently reported [16] an innovative sunken
source connected field plate (SCFP) design and by virtue of
which improved RF performance and reliability with respect
to leading GaN HEMT devices for X-band applications have
been achieved. The 50-V device produces 10 GHz
performance with Psat > 10 W/mm, linear gain > 18 dB and
PAE > 60%. The improved gain is a direct consequence of the
reduction in Cgs and Cgd, by 15% and 60%, respectively. On
the other hand, obtained through RF-ALT an MTTF > 6E7
hours at 225 °C has been demonstrated which is almost two
orders higher as compared to the conventional field plate
design as shown in Fig. 7. MTTF > 100 years at 275 °C is a
direct consequence of this improved design. At this point the
improvement has only been realized for X-band applications,
but there is every reason to be optimistic that such an
improvement can be extended to the MMW applications as
well.
IX.

Figure 6(c). The transfer curves of one representative device (6x50 µm)
measured at Vd = 10V during RF-HTOL stress (at 31.5 GHz) at various
downpoints.

Wolfspeed is successful in achieving both performance and
humidity robustness with two stage V5 MMICs (~12 mm gate
periphery). A quantity of 80 of such MMICs capable of
Pout > 40 dBm, PAE > 35% at Pin = 20 dBm, were put under
biased highly accelerated temperature and humidity stress tests
(HAST). After 96 hours of stress at Vd = 28 V, Vg = -8 V,
RH = 85%, Ta = 130 °C [15] none of the devices displayed a
parametric change of 1 dB or more in critical RF parameters
(namely Gain, Pout) post stress. The changes in drain and gate
leakages post stress were also found to be well behaved and

CONCLUSIONS

The ability of GaN on SiC technology to efficiently handle
higher voltage in a much smaller area and its ability to power a
much wider range of MMW frequencies than any other
semiconductor technology makes RF-GaN devices the
forerunner in the race for 5G. In this work, a thorough reliability
assessment of MMW capable 5G aspiring G28V5 RF-GaN
technology has been presented. The Wolfspeed G28V5 GaN
HEMT 28 V, 0.15 µm gate length technology qualification
acceptance test results passed with zero failures and
demonstrated a LTPD quality standard of three or better. For a
deep submicron RF-GaN HEMT this is the first successful
demonstration of 1000 hours of HTRB test done at 300 % of its
operating quiescent voltage with such large periphery devices
(14.4 mm active gate periphery). The solid off and on state
reliability performance has been further boosted by the
demonstration of RWOH of large two-stage G28V5 MMICs.
The intrinsic lifetime projections through DC-ALT has also

[9]

Sunken

Temperature (°C)

[10]

[11]

Standard
[12]

MTTF (Hours)
Figure 7. MTTF versus junction temperature for Sunken and Standard
design under RF-ALT.

[13]

been presented here for industry comparison. However, the RFALT capability and methodology that have been developed by
Wolfspeed, are considered to be more relevant to use conditions
in typical applications. Under RF-ALT, MTTF >1E6 hours has
been predicted at maximum operating junction temperature of
225 °C. Further RF-ALT lifetime enhancement is a likely
scenario with the employment of alternate FP design structure.
Finally, the operating life reliability assessment close to 30 GHz
for large periphery three stage MMICs demonstrate the
maturity and reliability of V5 technology as a true candidate for
MMW applications.

[14]
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