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Self-heating phenomena in high-power III-N
transistors and new thermal characterization
methods developed within EU project

TARGET
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In the framework of the Top Amplifier Research Groups in a European Team (TARGET) project, we developed a new elec-
trical method for the temperature measurement of HEMTs and performed several unique studies on the self-heating effects in
AlGaN/GaN HEMTs. This method, in combination with transient interferometric mapping (TIM), provides a fundamental
understanding of the heat propagation in a transient state of HEMTs. The AIGaN/GaN/Si HEMT thermal resistance was
determined to be ~70 K/W after 400 ns from the start of a pulse, and the heating time constant was ~200 ns. Our exper-
imental methods were further applied on multifinger high-power AlGaN/GaN/sapphire HEMTs. The TIM method indicates
that the airbridge structure serves as a cooler, removing approximately 10% of the heat energy. In the next study we used TIM
and the micro-Raman technique to quantify thermal boundary resistance (TBR) between different wafer materials and GaN
epi-structure. We found TBR to be ~7 x 10~ m’K/W for GaN/Si and ~1.2 x 107 m’K/W for GaN/SiC interfaces. The role
of TBR at the GaN/sapphire interface was found to be less important.
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. INTRODUCTION

III-N semiconductors are becoming a top material choice for
future telecommunication amplifiers. Applications in which
high power and frequency performance are to be achieved
together with a high linearity and reliability of systems
require efficient transistor cooling. Indeed, understanding
and measuring a self-heating effect is becoming increasingly
important as devices are becoming smaller and power den-
sities higher.

AlGaN/GaN HEMT operation up to 600°C without irre-
versible damage has been documented [1, 2]. However, it
was shown that elevated temperature instantaneously
decreases channel electron mobility [1-4], decreases
maximal drain current [2], increases gate leakage [2], and
degrades transistor RF performance [1]. The role of AlIGaN/
GaN HEMT effective cooling from the side of the substrate
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(on which the device is grown) has been described in [5].
Particular attention has recently been devoted to the investi-
gation of thermal coupling at the III-nitride/substrate inter-
face [6-9]. A difference in the acoustic impedance of
materials forming the interface gives the level of thermal
coupling and determines thermal boundary resistance (TBR)
[8, 9]. However, it was also pointed out that dislocations at
the interface, such as dangling bonds at the AIN/Si junction
[10], might give rise to an additional increase in TBR [6].
Substantial device “overheating” [7] and performance degra-
dation due to TBR was reported [8]. The value of TBR was
measured to be 7-8 x 10~ ® m*K/W for the AIN/Si interface
at room temperature [6] and 1 x 10~ * m*’K/W for GaN/
sapphire at 4.2 K [9] (representing 1-5 X 10 7 m’K/W at
300 K [8]).

Alternatively, the HEMT temperature can be reduced by
heat removal from the top. It was shown that heat removal
either through the epoxy fill [11] or through properly designed
bumps [12] of the flip-chip mounted multifinger AlGaN/
GaN/sapphire HEMTs can effectively decrease the device
thermal impedance without using expensive SiC substrate.

Steady-state temperature in the AlGaN/GaN HEMT has
previously been investigated using optical methods such
as micro-Raman [13], micro-photoluminescence [14], IR
microscopy [15], and liquid crystal thermography [16] or
using the electrical direct current (DC) characterization
method [17]. Numerical models were used in the same
reports to validate experiments, assuming k to be dependent
on [13, 18, 16] or independent (linear model) [14] of
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temperature. More recently, a transient interferometric
mapping (TIM) technique [19] has been demonstrated as a
valuable tool for tracing the dissipated energy in AlGaN/
GaN HEMTs [15] in the transient state. The TIM technique
has also been applied for extracting power density distri-
butions, mapping current filaments in silicon devices under
electrostatic discharge stress [20].

Within the Top Amplifier Research Groups in a European
Team (TARGET) project we developed an electrical method
for the determination of temperature in a transient self-
heating state of HEMTs (i.e. as in a pulsed regime) [21]. We
present the results of AlIGaN/GaN HEMTSs grown on silicon.
Experiments are correlated with the results of the two-
dimensional (2D) thermal model and the value of TBR at
the interface with silicon substrate is estimated by model
fitting. Optical experiments and thermo-optical modeling
further independently validate the determined transistor
temperature and TBR values.

In the next study we investigated the transient temperature
rise in multifinger AIGaN/GaN/sapphire HEMTs subjected to
10 ws voltage pulses [22]. In particular we investigated the role
of the airbridge structure in device thermal management.
Airbridge technology is used in high-power HEMTs to
connect parallel source contacts in a multifinger layout.
Finally we studied TBR and its effect on thermal management
in the transfer length method (TLM) GaN HEMT test struc-
tures grown alternatively on three kinds of commonly used
substrate materials: Si, SiC, and sapphire [23]. The tempera-
ture drop at the IlI-nitride/Si interface is investigated by
using a micro-Raman spectroscopy technique under DC con-
ditions. TBR at the III-nitride/SiC and III-nitride/sapphire
interfaces is characterized in transient mode by TIM.

. METHODS AND STRUCTURES

A) Electrical characterization method

The transient electrical method of temperature determination
in the process of self-heating was developed from the DC
steady-state  characterization method [17]. The DC
steady-state method was based on the effect of the HEMT
drain current drop Al,(Vp) as the drain voltage is increased.
This effect was described analytically by [17]

Alsat(VD) - _gm(IsutARS + AVT)

1
+ IsatAvsat/Vsat + VD/Rsub: ( )
where g, is transconductance, and ARs, AVy, and Avg,
are temperature-driven changes in the source resistance,
threshold voltage, and electron saturation velocity, respec-
tively. Vp represents drain voltage and Ry, represents
leakage through the buffer layer. Calibrating the steady-state
dependencies of transistor parameters on temperature (ARg
and AVy = f(T), Av,, was neglected), it is possible to deter-
mine the HEMT channel temperature as a function of
dissipated power Vpx I,
To investigate self-heating in the transient state, we applied
a transmission line pulser (TLP) to bias the HEMT drain
contact (the source and the gate were grounded during the
pulse). In the TLP technique a coaxial cable (TL) with a
50 ) characteristic impedance was charged by a voltage
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source and later discharged by closing a relay, providing rec-
tangular voltage pulses. Different values of the charging
voltage were used while a pulse duration of 480 ns was fixed
as given by the cable length. The current and voltage wave-
forms on the drain were recorded using a digital oscilloscope.
To describe a temperature-induced time-dependent current
drop AI,(t), we used methodology of the DC method, taking
into account several differences. First of all, as the voltage is
kept constant during the pulse, the same is assumed for
the buffer leakage current and the last term in (1) can be
omitted. Secondly, it is necessary to take into account that
the calibration of HEMT parameters (ARg= f(T), AV =
f(T)) is always performed in the steady state, while the
method is transient. The change of HEMT source resistance
ARg = f(T') may be related to the decreased electron mobility
with temperature. Similarly to the DC case we neglect Av,,,
introducing approx. 10% error in the temperature determi-
nation [17]. Consequently, AI,(f) can be expressed as
Alsat(t) - _gmlsutARS- (2)
To obtain ARg= f(T) dependence, the device was gradually
heated using an external heater up to 250°C. Rg was measured
at low drain current so that the low dissipated power
(~50 mW/mm) minimized the self-heating. Using
a polynomial fit of the calibration curves Rg=f(T) and
gn(T) = g,(300 K)/[1 + g,(300K) x AR((T)] together
with the measured AI,,(t), an iterative solution of (2) was
performed to obtain channel temperature transient
characteristics.

B) Micro-Raman measurements

Micro-Raman measurements were performed using a Labram
micro-Raman system [24]. The temperature dependence of
semiconductor phonon frequencies and Stokes/anti-Stokes
peak intensity [25] was used for calibration, in which an exter-
nally heated sample was probed by a laser beam of the Raman
system. The temperature increase due to the self-heating effect
in the AIGaN/GaN/Si HEMT test structure was investigated
afterwards by comparing the phonon frequencies. For the
514.5 nm line of an argon ion laser beam, the GaN layer is
transparent. However, for the given wavelength the beam is
strongly absorbed in the Si substrate (which is not the case
for SiC and sapphire substrates) with an absorption coefficient
of 0.76 x 10* cm™ ' [26]. Consequently, by applying the probe
beam from the device topside, we can investigate temperature
discontinuity AT at the III-nitride/Si interface by obtaining
the information both from GaN and from a part of the Si
substrate 1-2 pm from the interface.

C) Transient interferometric scanning method

The scanning TIM method was based on measuring
temperature-induced changes in a semiconductor refractive
index from the device backside, using a probe laser beam
(A= 1.3 pm). The beam reflected from the device topside
undergoes an optical phase shift Ag(t), which is measured
interferometrically by combining the probe beam (located
in the heated area) with an unperturbed reference beam
(another branch of the interferometer); see Fig. 1. The phase
shift is a sum of two contributions, A@g,ny and Ay, that
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The phase of the probe beam changes due to the self-heating effect
(exaggerated for visibility).

are proportional to the integral of temperature distribution
T(x,y,z) along the beam path (z-axis) in GaN or substrate,
respectively, weighted by dn/dT:

Aﬁo(x’ )” t) = AQDGaN(x’ y’ t) + Agosuh(x’ y’ t)

Fig. 2. HEMT current-voltage waveforms during 43 V pulse applied on the
drain. After [21].

increase was determined using the described electrical charac-
terization method and equation (2). Results shown in Fig. 3
are compared with calculated transients. Fitting of the exper-
iment indicates TBR ~7 x 10~ ® m*K/W. The calculated
temperature increase is by about 10% higher than the

_4T dn J AT(x, y, z, )dz measured one at the end of the pulse. Several reasons may

A dT|gan Jcan account for this: the fact that Av,, is neglected (~10%

o dn error), simplifications introduced by the model/experiment,

+4Tﬁ J AT(x, y, z, t)dz. (3) and less established physical parameters of III-nitride
sub Jsub

The TIM method operates in the transient (pulsed) regime of
the self-heated device with a ns time and 1.5 pm space
resolution.

D) Simulation

The Matlab toolbox was used for 2-D numerical thermo-
optical simulation. Because of numerical reasons and
meshing, TBR at the IIl-nitride/substrate interface in the
model was represented by a virtual 100 nm thick thermal
insulation layer with thermal conductivity kg0 (i.e. TBR =
100 nm/k;sp). Adiabatic boundary conditions were assumed
for calculations in the transient state. However, for a
steady-state simulation we considered 300 pwm thick substrate
with isothermal (300 K) condition at the backside.

Quantitative evaluation of TBR is based on the comparison
of measured Ag(t) dependencies with the corresponding
quantities calculated using the thermal simulation and
equation (3). TBR and dn/dT are taken as fitting parameters.
In the thermal model, the source-drain distance defines the
device heat dissipation area. 100 nm thick GaN insulation
layers (ISO) represent regions where lattice dislocations and/
or TBR are decisive. Thermal conductivities of ISOs, k5o, .,
were used as fitting parameters of the thermal model.

1. RESULTS

A) Transient self-heating in A1GaN/GaN/Si
HEMTSs

In Fig. 2 we show current and voltage waveforms of devices

materials. Nevertheless, the comparison of the experiment
with the model with and without ISOs clearly indicates the
presence of the thermally insulating layers.

Calculating the average dissipated power over the 400 ns
time interval for different voltage levels, we could construct
the experimental dependence of HEMT channel temperature
(after 400 ns) on delivered power, shown in Fig. 4. Depicted
points indicate almost linear dependence AT = f(P/w) and,
thus, for a selected time instant a device thermal resistance
Ry, = AT(t)/P was independent of dissipated power. We
obtained Ry, = ~70 K/W at t = 400 ns. From the temperature
exponential behavior in Fig. 3, one can also estimate the
heating time constant (approx. 190 ns).

The role of insulation layers is further illustrated in
Figs 5(a) and 5(b), where temperature profiles are calculated

480 ns TLP,

- L i

P =17.6 W/mm

Temperature increase (K)

0 1x107 2x1073x10" 4x107" 5x10”’
Time (sec)

155

Fig. 3. Experimental and calculated (with and without ISOs) temperature
increase after a 43 V pulse of 480 ns duration. After [21].

under 43V TLP pulse. The HEMT channel temperature
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Fig. 4. Experimental temperature increase as a function of normalized
dissipated power at t = 400 ns. After [21].
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Fig. 5. Calculated temperature increase profiles in AlGaN/GaN/Si HEMT
(a) without and (b) with ISO, at different time instances. After [21].

for HEMTSs with and without ISOs being considered. A domi-
nant effect of TBR is visible (Fig. 5(b)). After 400 ns the device
with ISOs exhibited a surface temperature increase of more
than 190 K, by ~80 K more as if ISOs are not present.

B) Self-heating in multifinger
AlGaN/GaN HEMTs

To investigate heat dissipation in multifinger HEMTs (see
Fig. 6), we used the TIM technique. Figure 7 shows the

https://doi.org/10.1017/51759078709990444 Published online by Cambridge University Press

Fig. 6. Back side infrared camera image of the multifinger AlGaN/GaN
HEMT. Laser beam is visible in the center, scanning was performed along
the x-axis. After [22].

evolution of phase shift profiles taken during a 10 ws/10 V
pulse at £ = 2, 6, and 10 ps, and after the pulse at t = 30 ps.
As expected, the Ap(x) signal increases during the pulse due
to heating and decreases after the pulse due to cooling, thus
reflecting the heat dynamics in the device. The spreading of
peaks with time can also be observed due to lateral heat diffu-
sion. The difference in the evolution of the signal magnitude
in the valleys marked by arrows A, B (Fig. 7) is remarkable.
At position ‘A’ a source contact with the electroplated thick
gold metal on it is localized, while an ordinary drain contact
is located at ‘B’. At t = 2 ps one observes nearly the same
small amplitude Agp~ A@a; however, for t>2 us the
phase shift at the ordinary drain contact is higher Agg >
A@,. The difference vanishes after the pulse is terminated
(t= 30 ps). To interpret this result, we take into account
that the phase shift represents only the heat energy in the
semiconductor and the substrate, but not that which is trans-
ferred from semiconductor to metallization. Then the deeper
valleys at position ‘A’ originate from a better heat sinking at
the location of airbridges compared to the ordinary drain

0.35

3250
8 % 50 pm _
030] 100y BAB ABAB <
0.25 l l l ] l l l 1200 g
70 - 10 ps ql_“;
© 0.20- 150 §
£ — 615 =
5 o * 1100 3
2 30 us 5
@ 0.10- 5
: 5 o
£ 0.054 3
o | ‘g
0.00 o %
-0.05 +—

-100 0 100
Position, x (um)

-200 200

Fig. 7. Phase shift evolution (left side vertical scale) and extracted surface
temperature increase (right side scale) profiles of the AlGaN/GaN HEMT
stressed by 10 V/10 ws drain pulse. The temperature scale holds only for the
data at t =2 and 6 ps, the dashed line depicts phase shift signal after the
pulse at t= 30 ps. Positions A mark the signal minimum at the source
contacts with airbridge connections, positions B mark the signal at the
ordinary drain contacts. After [22].
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Fig. 8. Phase shift profiles of the HEMT of Fig. 3 at t = 10 s with marked
areas S, and S below the source and the drain contacts. After [22].

contact. This effect is negligible for the short time instants
(t < 2 ws), and becomes more visible at longer time when heat
penetrates more effectively from the active region to the thick
metal airbridge.

To estimate the amount of heat transferred via the air-
bridge at t = 10 ps, we calculate the difference of “areas” S,
and Sg below the A¢ signal at contacts, which are proportional
to the total dissipated heat; see Fig. 8. The difference of areas
was approx. 1.35 um rad. Taking into account the total area
Stor ~ 68 pm-rad and that the number of airbridge contacts
is five, the airbridge cooling efficiency ), i.e. the percentage of
the total heat transferred from the device to the airbridge, can
be estimated as n=5 X (Sg — S4)/Stor~ 10%. A similar
ratio of ~10% was obtained also at t= 6 s, but ~3% at
t =2 ws. Thus it seems that after the initial increase, the
cooling efficiency m of the airbridge contacts saturates. The
saturation can be explained by the merging of heat waves
(A signals) from neighboring channels at t ~ 6 ps.

We present the approach of how to determine temperature
maps ATguyface(x) from the combination of TIM measure-
ments and the knowledge of the AT, value extracted by
the electrical method. We first relate the phase shift Ag (x)
to the GaN surface temperature ATgyac. at the particular
time instant. The profiles for ¢ ~ 2-6 ws are the most flat
and the difference between the peak and the valley of the

250': 8 x 50 um

] 1ous/1ov ‘
200 P=11.9Wimm W

] M I"'-r[
1504 Simulation

100

50

Channel Temp. increase (K)

o

0 5 10
Time (us)

Fig. 9. Calculated and experimental time evolution of the temperature
increase in the channel of HEMT during the 10 V pulse. After [22].

https://doi.org/10.1017/51759078709990444 Published online by Cambridge University Press

ATypace(x)/Ag(x) distribution is less than 15% (not shown).
Consequently, if AT anne is known in this time scale, the
temperature profile maps can be obtained from TIM phase
measurements. Taking into account our results of AT g
determination (see Fig. 9) and TIM experiments (see Fig. 7,
left Ag scale) and provided that ATunne/A@channer ~
730 K/rad at both t=2 and 6 ps, the phase shift scale of
Fig. 7 can be directly transformed into the temperature
scale (see right scale, consider only the data at t=2 and
6 ws). At t=6 s one can observe an ~25 K difference
between the temperature in the center of the source (position
A) and the drain (position B) contacts, representing a 25%
change.

C) Investigation of TBR at different
III-nitride/substrate interfaces

Figure 10 shows a steady-state dependence of temperature T
on dissipated power density P, (=V x I)/area at the GaN/
Si interface extracted by the micro-Raman measurements.
One can observe a linear increase of AT = Tg,ny — Ts; with
P,p, where Tg,n and Ts; are the temperatures at the GaN
and Si sides of the interface. We estimate TBR as AT/P,p,
giving a value of ~7 x 10~ ® m*K/W. This value is in very
good agreement with our previous study [TBRGaNonsi ~ 7-
8 x 10 ° m*’K/W] using TIM [21].

Figures 11(a) and 11(b) show the experimental and
modeled Ag transients of the studied GaN/SiC TLM device
for different values of (dn/dT)Ganonsic and (TBR)Ganysic-
Constant power P,p~ 8.2 mW/pum?* is dissipated in TLM
devices for 500 ns. The best fitting of the data is obtained
for (dn/dT)Ganonsic = 5.2 X 10 > K" and (TBR)ganysic =
1.2 X 10 7~ W/m? K (Fig. 11(a)). If no TBR is considered for
the same (dn/dT)GaNonsic = 5.2 X 10 ° K%, the calculated
and measured data differ by ~30%; see Fig. 11(b). The contri-
butions of phase shift coming from GaN and SiC are also
given in the graphs. If TBR is included (Fig. 11(a)) the
phase shift arises mostly from GaN where the heat is confined,
and this is in contrast to the case of TBR = o (Fig. 11(b)).

In Fig. 12 we demonstrate the role of TBR values for differ-
ent substrates by calculating the steady-state temperature
profiles in the cross-sections of TLM devices at P,p=

600 : : :

5507 GaNrsi A 1
¥ 5001 = GaN
450- - S - s
45 - ‘ _
350+ '
3004 1

250
0.0

Temperature

05 1.0 15

Power density (mW!umz)

Fig. 10. Micro-Raman measurements of the temperature discontinuity at
the GaN/Si interface in the steady-state in AlIGaN/GaN/Si TLM structure.
After [23].
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1 mW/pm?®. The Ml-nitride/substrate interface is located
1.2 pm from the surface for all structure types. For clarity
the temperature profiles are shown only down to 5 pum
from the surface. We assume kg; = 150 W/mK [26]. For the
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Fig. 12. Calculated steady-state temperature cross-section profiles in TLM
structures on different substrates. Profiles are calculated for P, =1 mW/
pm? with (TBR)Ganssic = (TBR)Gansapphire = 1.2 X 107 W/m’K, (TBR)Gan;
=7 % 10 ® W/m?K and without considering TBR. After [23].
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GaN/SiC interface we used the above-obtained TBR = 1.2 x
10”7 m*K/W; similarly, for GaN/Si we used the previously
determined value of 7 x 10~ ® m*K/W, and for GaN/sapphire
we tested TBR = 1.2 x 10~ 7 m*K/W. As expected, the highest
surface temperature T, was obtained for GaN grown on
sapphire (~810 K), while the smallest value was obtained
for SiC substrate (~420 K). However, the influence of TBR
on device thermal performance, well represented by ratio
AT/Ts,.p is the highest for SiC (~65%) and the lowest for
sapphire (~10%).

V. CONCLUSIONS

We have developed a transient electrical characterization
method for the determination of HEMT channel temperature.
Experimentally obtained channel temperature values were
correlated with the results of the 2D thermal model, implying
the presence of a TBR of about 7 x 10~ ® m*K/W at the GaN/
silicon junction.

We studied transient self-heating effects in the multifinger
AlGaN/GaN/sapphire HEMT with the airbridge structure
connecting sources. We showed that the airbridge structure
absorbs the heat and the HEMT thermal design may be opti-
mized for a given pulsed regime. The cooling efficiency of the
airbridge structure increases with the time and saturates at
~6 s, taking away ~10% of the heat.

We experimentally investigated TBR between GaN and Si,
SiC, and sapphire. We found TBR to be ~7 x 10~ % + 20%
m’K/W at the GaN/Si interface and ~1.2 x 10" 7 + 50%
m’K/W at the GaN/SiC interface. It is difficult to estimate
TBR at the GaN/sapphire interface; however, in this case the
role of TBR was shown to be less important.
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