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ABSTRACT Operating temperature distributions in AlGaN/GaN gateless and gated devices are
characterized and analyzed using the InfraScope temperature mapping system. For the first time, a substantial
rise of channel temperature at the inner ends of ohmic contacts has been observed. Synchrotron radiation-
based high-resolution X-ray diffraction technique combined with drift—diffusion simulations show that strain
reduction at the vicinity of ohmic contacts increases electric field at these locations, resulting in the rise
of lattice temperature. The thermal coupling of a high conductive tensile region at the contacts to a low
conductive channel region is an origin of the temperature rise observed in both short- and long-channel

gateless devices.

INDEX TERMS AlGaN/GaN based devices, ohmic contact, self-heating, infrared camera, high-resolution

X-ray diffraction.

I. INTRODUCTION

AlGaN/GaN based devices are promising candidates for
high-power and high-frequency applications [1]-[3]. These
devices can be manufactured onto the existing Silicon sub-
strates, allowing co-integration with conventional Silicon
technology. The wide bandgap, high electron velocity satu-
ration, and good thermal conductivity of III-Nitrides (III-N)
provide distinctive advantages over the conventionally used
Silicon, leading to superior high-power and high-frequency
device performance [1], [2]. However, the superior per-
formance of AlGaN/GaN High Electron Mobility Transis-
tors (HEMTs) is hammered by serious reliability issues,
which are holding back their widespread commercial and
industrial development. Deleterious phenomena such as:
(i) self-heating effects, that significantly impact the trans-
port properties in the semiconductor, (ii) charge trapping
effects, that are responsible for reducing device lifetime
and reliability, and (iii) source/drain Ohmic contact (S/D)
resistances increase during device operation, are controver-
sial with unclear physics [4]-[6]. These accelerating fac-
tors are behind device performance degradation and persist
to be limiting reliability factors [4]-[6]. Maintaining high
performance and reliability of the S/D Ohmic contacts in
AlGaN/GaN HEMTs is a significant challenge, particularly

at high operating voltage, which hinders progress in a large-
scale deployment of the technology in applications [4]-[6].

In this work, we investigate the channel temperature dis-
tribution in AlGaN/GaN based devices using Infrascope
temperature mapping system (IR) accompanied by syn-
chrotron radiation-based High-Resolution X-RAY Diffrac-
tion (HRXRD) measurements and physically based TCAD
simulations, for the first time. This unique approach demon-
strates that compressive and tensile strain around S/D con-
tacts affects temperature distribution during device operation
and limiting its performance. Section II overviews devices
under investigation and experimental procedure. Section III
presents channel temperature profiles in the devices under
different configurations and examines physics behind temper-
ature rise at the S/D contacts of gateless devices. Conclusions
are drawn in Section IV.

Il. DEVICES AND EXPERIMENTAL PROCEDURE

The investigated epi-structure has been grown by molecular
beam epitaxy on High-Purity HP-Si(111) substrate (Fig. 1).
It consists, from the substrate to the top surface, of low-
temperature AIN(40 nm)/GaN(250 nm)/AIN(250 nm)
nucleation layers, a 1.7 um Alg 10GaggoN back-barrier
to reduce leakage current in the buffer and to improve
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FIGURE 1. Epi-structure and measured electron density profile of the
investigated wafer, GaN(1nm)/Alg 3, Gag ggN(25nm)/GaN(15nm)/

Alg 19Gag goN(1.72m) /NL/HP-Si(111), where NL are nucleation layers
that consist of AIN(40nm)/GaN(250nm)/AIN(250nm).

the carrier confinement of the 2-dimensional electron
gas (2DEG). A channel is made of a 15 nm thick
unintentionally doped GaN buffer followed by a 25 nm
undoped Alg3,GagegN barrier and, finally, a 1 nm GaN
cap layer. Room temperature Hall measurements yield a
2DEG electron mobility of 1750 cm? V~!s~! and Rp =
310 2/0. The CV-technique revealed an electron sheet den-
sity of 1.18 x 10'3 cm~2 in the buffer. The fabrication process
flow is similar to that in [7]. To reduce the contact resistance,
the S/D terminals are formed by rapid thermal annealing of
an evaporated Ti(10nm)/AI(200nm)/Ni(40nm)/Au(100nm)
multilayers metallization scheme at 870°C for 30 s under
nitrogen atmosphere. The S/D contacts resistance and spe-
cific resistivity are 0.39 Q.mm and 3.8x 107 Q.cm?,
respectively. The devices are electrically isolated by He™ ion
multiple implantations. To reduce trapping effects and disper-
sion, the surface of the devices are N, O pre-treated for 2 min
followed by SiO,(100nm)/SizN4(50nm) bi-layer passiva-
tion, performed by plasma-enhanced chemical vapor depo-
sition at 340°C. The SiO»(100nm)/Si3N4(50nm) bi-layer is
opened by using a CHF3/CF4 reactive ion etching plasma.
The used gate metallization scheme is Ni(Snm)/Pt(25nm)/
Ti(25nm)/Mo(30nm)/Au(250nm).

The electrical I-V characterizations are performed at DC
and dark conditions using Agilent B1500A framework.
Before taking any measurements, Vps = 0 V is applied for
a period of time to fully recover the device from deleterious
phenomena of charge trapping and self-heating that would
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distort further measurements. The trace of drain current is
reproducible showing that no permanent degradation of drain
current occurs from the experiment, only recoverable degra-
dation, i.e., charge trapping and self-heating.

To measure the temperature profile, our Infrascope tem-
perature mapping system, equipped with 500 x 500 InSb
detectors array, is first calibrated. A high emissivity layer
is coated over the device and surface radiation of the unbi-
ased AlGaN/GaN device is measured, whilst increasing
the temperature from 50°C to 200°C with a step of 15°C
using a heated-stage to maintain constant uniform temper-
ature [8], [9]. The surface temperature is then measured
from the emissivity by comparing it with the instrument
calibration curve (not shown). After the calibration step,
each device is first placed on a constant temperature plat-
form (40°C or 45°C) and biased at DC conditions using
Agilent B1500A framework. Then, thermal imaging mea-
surements are performed using the calibrated Infrascope sys-
tem. Pixel resolution of the obtained IR image is about
2.3 um, giving a total field of view of about 1 mm x 1 mm.
This technique is based on measuring the IR radiations emit-
ted at the top surface of the device that are proportional to the
temperature.

The strain relaxation in the AlGaN barrier layer of an
unbiased device is measured using synchrotron radiation-
based High-Resolution X-RAY Diffraction (HRXRD) [21].
This techniques uses 10.4 keV energy at the 2—ID—D micro-
diffraction beamline of the Advanced Photon Source (APS) at
Argonne National Laboratory. The sample device is mounted
on an XYZ stage with a 50 nm lateral resolution. The location
of the beam spot was monitored by means of simultane-
ous measurement of Ga—K fluorescence intensities and the
diffraction data were collected by a charge-coupled detector.
The size of the quasi-circular beam spot is 2220 nm with
180 arc sec divergence.

The electrostatic of the used devices has been investi-
gated by Drift-Diffusion (DD) simulations. The details of
the used device simulation technique can be found in [10]
and [24]-[28]. In the past, this simulation technique has been
successfully used to predict AlIGaN/GaN based device archi-
tectures grown on various substrates (i.e., Si, 4H—SiC, dia-
mond, sapphire). The transport parameters such as electron
drift velocity, energy relaxation time, and electron effective
mass are obtained from Monte Carlo simulation runs at dif-
ferent lattice temperatures [28]. Both simulated -V charac-
teristics and calculated temperatures have been compared to
experimental [—V characteristics and temperature measure-
ments, demonstrating a good agreement [10], [24], [25], [27].
Moreover, this simulation technique has been adapted to deal
with both gated and gateless AIGaN/GaN devices.

Ill. RESULTS AND DISCUSSION
A. AlGaN/GaN GATELESS DEVICES

The Ip-Vp characteristics of the used 100 pum wide
gateless AlGaN/GaN Transmission Line Measurement
structures (TLMs) with different source-to-drain distances,
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FIGURE 2. Measured Ip-Vp characteristics of the gateless AlGaN/GaN
Transmission line measurement structures (TLMs). The source-to-drain
distance of the used TLMs are Lgp = 10 um (short TLM) and

Lsp = 30 um (long TLM).

Lsp = 10 pm (short TLM) and Lgp = 30 um (long TLM),
are shown in Fig. 2. A lower current and a larger resistance
are observed for the long TLM (Lgp = 30 um).
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FIGURE 3. Measured temperature profiles along the top surface of the
gateless AlGaN/GaN structures at different drain voltages for (a) short
TLM (Lsp = 10 um) and (b) long TLM (Lgp = 30 pm).

Fig. 3 shows the temperature distributions along the surface
of the short and long TLMs, Lsp = 10 um and Lgp =
30 um, at Vps = 2 V to 12 V by step of 2 V. For the
long TLM, temperature peaks are observed at the inner ends
of the S/D contacts, for all applied biases (Fig. 3b). These
temperature peaks merge when Lgp decreases as a result
of temperature coupling (Fig. 3a). For Lgp < 10 pum,
the amount of thermal coupling between the source and the
drain sides is even larger making it difficult to observe the
temperature peaks at the inner end of the Ohmic contacts (not
shown). Note that this thermal coupling induced temperature
rise can significantly impact the device performance through
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increase in the contact access resistance and electron mobility
degradation, particularly for small devices, as a result of the
source-drain thermal coupling.
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FIGURE 4. (a) lllustration of the heat spreading angle and the
source/drain thermal coupling in the short and long TLMs. (b) Measured
temperature profile along the top surface of the long AlGaN/GaN TLM
(Lsp = 30 um) at Vpg = 12 V. The original measured data are compared to
the modified data to show a very negligible thermal coupling between
the inner ends of Ohmic contacts in a long Lsp device.

Unlike in the long TLM, the channel temperature is at its
maximum in the center of the short TLM (Lsp = 10 um).
This can be explained by a heat spread angle and a strong
thermal coupling between source and drain, as illustrated
in Fig. 4a. The temperature in the middle of the short TLM
is much higher than at the inner ends of Ohmic contacts.
To demonstrate the low thermal coupling in the long TLM
(Lsp = 30 um), we have artificially modified the measured
temperature profile by reducing the source-to-drain distance
from 30 um to 10 um (Fig. 4b). It can be seen that the
resultant temperature profile (modified data) is slightly larger
than the original data but still present two peaks, in contrary to
the measured temperature of the short TLM (Lsp = 10 pm).

The channel temperatures of the AlGaN/GaN TLMs are
plotted against the dissipated power density in Fig. 5. The
dissipated power density is controlled via Vpg. For a given
dissipated power density, the temperature is higher in the
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FIGURE 5. Evolution of the channel temperature versus the dissipated
power density of the AlGaN/GaN TLMs (Lgp = 10 xm and Lgp = 30 um).
The Max Temperatures are extracted at the vicinity of S/D contacts for the
long TLM and in the center of the device for the short TLM. The Min
Temperature corresponds to the value of temperature at center of the
long TLM (Lsp = 30 pxm).

short TLM (Lsp = 10 um) due to (i) a higher electric
field [10] and (ii) a stronger thermal coupling between source
and drain sides (Fig. 4a).

To get a rough estimate of the thermal resistance
of each TLM, we have employed an analytical thermal
model described by the following equation [11], [12]:
T = Tsus + Rru x Ppiss; where T is the channel tem-
perature, Tsyp is the substrate temperature (45°C), Rty is
the thermal resistance, and Ppjss is the dissipated power,
which is proportional to electric field (E), current (Ips) and
source-to-drain distance (Lsp): Ppiss & E x Ips x Lgp.
According to this model, the increase of Lgp should lead to
an increase in channel temperature, due to a larger amount of
material for heat to dissipate through. This is in disagreement
with experimental observations. Therefore, the temperature
increase with the reduction of Lgp is mainly caused by the
thermal resistance. With respect to the heat spreading angle
model [13]-[15], as illustrated in Fig. 4a, the thermal resis-
tance increases with decreased Lsp due to the less substrate
volume for heat to dissipate. The extracted thermal resistance
are 68°C W! and 38°C W~! for short (Lsp = 10 um) and
long (Lsp = 30 wm) TLMs, respectively. These values of
Rty are within the typical range of values [16], [17]. Here,
we have used the maximum temperatures that occur (i) at the
inner-ends of the source and drain terminals for the long TLM
(Lsp = 30 wm) and (ii) in the center of the device for the
short TLM (Lgp = 10 pm), due to thermal coupling. When
using temperature values in the middle of the TLM with
Lsp = 30 um (Min Temperature), the extracted Rty is equal
t0 9.0°C W1, over three times smaller than at the inner-ends
of the source and drain terminals. This is an indication of a
non-uniform distribution of the electric field between source
and drain contacts.

It has been reported that the S/D Ohmic contacts pro-
cess annealing and device operation induce mechanical stress
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due to (i) a mismatch in thermal expansion coefficients of
III-N and Ti/Al/Ni/Au metallization scheme, and (ii) an
exacerbation of inverse piezoelectric effect at high tempera-
tures [18]—[20]. These effects result in a change of strain at the
vicinity of metal contacts. The deformation of c-plane nitride
crystal under compressive and tensile strains [22] around the
contacts is illustrated in Fig. 6b.
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compressive strain

FIGURE 6. (a) Measured strain in the channel along the lateral direction
of an AlIGaN/GaN TLM using synchrotron radiation-based High-Resolution
X-RAY Diffraction (HRXRD), showing a reduction of strain at the inner
ends of S/D contacts. (b) The schematic of strain distribution at the
vicinity of S/D Ohmic contacts.

The above theory is supported by the strain profile, mea-
sured by HRXRD and given in Fig. 6a, that reveals a reduction
of strain at the inner ends of S/D contacts. The strain reduc-
tion at the inner ends of the contacts diminishes the electron
density at these locations which, in turn, increases the electric
field locally [23], hence an increase in channel temperature.

The impact of the strain reduction, at the inner ends of
S/D Ohmic contacts, on the device electrostatic has been
investigated by DD simulations and HRXRD measured data.
The lateral 2DEG profile overlapped with corresponding
potential distribution at Vps = 0 V, when taking into account
the measured strain, are shown in Fig. 7a. At least 25 %
reduction in 2DEG density is observed at the inner ends of
S/D contacts, as result of strain degradation. Figs. 8a and 8b
compare the simulated electric field distributions with mea-
sured temperature profiles under Vpg = 12 V for both
short (Lsp = 10 um) and long (Lsp = 30 um) TLMs,
respectively. Electric field peaks, that occur at the inner ends
of the S/D contacts, are nearly three times larger than that
at the middle of the device and directly correlate with the
measured temperature profiles. As the electric field and the
drain current increase proportionally with Vpg, the channel
temperature increases near the Ohmic contacts. With the pro-
portional relationship between electric field and temperature,
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FIGURE 7. Drift-Diffusion (DD) simulation results of the short TLM
(Lsp = 10 um), when taking into account the HRXRD measured strain.
(a) Lateral 2DEG profile overlapped with potential distribution at

Vps = 0 V in the channel of the TLM. (b) Vertical current density
overlapped with potential distribution at Vpg = 12 V in the channel

of the TLM.

the degradation of strain significantly impacts temperature
peaks within the device. Furthermore, the simulated vertical
current density, given in Fig. 7b, shows that the majority of
current flows in/out of the 2DEG through a small portion of
the S/D contacts as suggested by Trilayer-TLM model Ohmic
contacts [29]. This attribute could be a cause of a further strain
degradation and channel temperature increase.

B. AlIGaN/GaN GATED DEVICES
It was not possible to observe the temperature peaks at
the vicinity of the Ohmic contacts in AlGaN/GaN HEMTs
due (i) to the strong thermal coupling between contacts when
Lsp < 10 wum, as demonstrated in the previous section;
and (ii) to the hot-spot at the end of the gate, as described
in this section. However, a temperature rise near source and
drain contacts still take place in HEMTs, since the fabrication
process of Ohmic contacts in gated and gateless devices
are exactly the same. We shall therefore expect to observe
temperature rise near the source/drain contacts in HEMTs as
in TLMs.

The Ip-Vg characteristics of two AlGaN/GaN HEMTs
with different configurations (single or two-finger gate) are
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FIGURE 9. Measured Ip-Vg characteristics of single and two-finger gate
AlGaN/GaN HEMTs at Vpg = 5 V. The device dimensions are:
Lsg =1.0 um, Lg = 0.5 um, Lgp = 3.5 um.

presented in Fig. 9. The two-finger gate device ‘B’outputs
less current than single-finger gate HEMT °‘A’, a point to
be noted in discussion. The same temperature measurement
technique is applied to a two-finger gate HEMT with Lgp =
2.5 pum and W = 2 x 150 um (Fig. 10a). Since Lgp of
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(b) Measured temperature profiles at Vpg = 5 V and at different gate
voltages (—6 V to 2 V; step 1 V) along the lateral position (Cut: aa’).

(c) Temperature distribution at Vpg = 5 V and Vgg = —2 V along the width
position (Cut: bb’). The device dimensions are: Lsg = 1.0 um,

Lg = 0.5 um, Lgp = 2.5 pm. Same phenomena have been observed for
HEMT with Lgp = 3.5 um.

this device is less than 10 um, the peaks of temperature at
the inner ends of S/D contacts are merged together. This
profile is similar to what has already been reported in lit-
erature using techniques such as wRaman [30]. The notch
between the source and drain sides is caused by the metal
gate. In addition, a higher temperature peak can also be seen
at the end of the gate (toward the drain side, as marked by
Tsp in Fig. 10b). This peak may be slightly undervalued, due
to the limited resolution of the IR System. The drain-side
temperature increase as Vgg increases can be explained by
the temperature coupling with that of the neighboring HEMT
and by the high electron kinetic energy at the end of the
gate [31].

The maximum device temperatures of the AlGaN/GaN
HEMTs are plotted against dissipated power density
in Fig. 1la. The dissipated power density is controlled
via Vgs and Vps. The presence of temperature cou-
pling between two neighboring HEMTs (two-finger gate
HEMT ‘B’: W = 2 x 150 um), due to heat spreading
angle as illustrated in Fig. 11b, leads to channel temper-
ature increase, when compared with a single-gate HEMT
(‘A: W =1 x 150 um) [32]. As results, the two-finger
gate exhibits lower drain current as shown in Fig. 9 [24],
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FIGURE 11. (a) Evolution of the maximum channel temperature versus
the dissipated power density of single and two-finger gate AlGaN/GaN
HEMTs (AW =1 x 150 um; and ‘B’: W = 2 x 150 um. The device
dimensions are: Lgg = 1.0 um, Lg = 0.5 um, Lgp = 3.5 pm.

(b) lllustration of the heat spreading angle in single and two-finger gate
AlGaN/GaN HEMTs.

opposite to the expected higher current without considering
thermal coupling. This experimental observation is in good
agreement with heat spreading angle models [13]-[15]. The
main cause of temperature rise in AlGaN/GaN HEMT is,
therefore, the high value of the electric field at the end
of the gate toward the drain side. The electrons that enter
the device via the source terminal and crystal lattice of
AlGaN and GaN gain significant energy at the drain-side
gate edge, due to the large electric field peak in the local
area. Consequently, a non-uniform distribution of dissipated
power produces a hot spot of temperature to be formed at this
location [33]-[35]. This phenomenon happens regardless of
the strain reduction near the contact [36], [37]. Therefore,
the physics behind temperature rise near the gate and near
source/drain contacts are very different. Both mechanisms
contribute to the higher temperature at the drain side in
AlGaN/GaN HEMTs. Further investigation will be needed
to separate the thermal effects of the two mechanisms in this
device.

IV. CONCLUSION
Infrascope temperature mapping system measurements have
shown a large increase in temperature at the S/D contacts

VOLUME 6, 2018



S. J. Duffy et al.: Strain-Reduction Induced Rise in Channel Temperature

IEEE Access

of AlGaN/GaN-based devices at operating conditions.
Temperature coupling of a high conductivity tensile region
to the lower conductivity regions is responsible for the tem-
perature rise observed in both short and long gateless devices.
The thermal coupling also enhances the peak of temperature
at the end of the gate in the AIGaN/GaN HEMTs. In addition,
the HRXRD measurement supported by DD simulations have
revealed that the change of the strain at the vicinity of S/D
Ohmic contacts, due to a difference in expansion coefficients
of III-N and S/D metallization, is the reason behind this
temperature rise.
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