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Abstract

This paper presents IR thermography results for GaN high-electron-mobility transistor (HEMT) power
amplifier monolithic microwave integrated circuits (MMICs), used to determine thermal modes and parameters.
Surface temperatures were measured using an infrared (IR) Flir A40 camera under room temperature conditions and
varying electrical bias, drain current, and power. The measured temperature of the surface of the GaN-based HEMT
chip was not sufficient to accurately determine its thermal performance without considering the actual temperature
inside the HEMT. Therefore, IR analysis was used to calibrate TCAD (technology computer-aided design)
electrothermal models for GaN-HEMTs and to conduct further TCAD simulation and investigation of temperature
distribution in HEMT structure and the chip-substrate thermal resistance.

1. Introduction

GaN solid-state RF power amplifiers are a critical component in modern technology, used in wireless power
transmission for mobile communication, radars, wireless charging systems, and other applications. The increasing
density of power in electronic devices is driving the need for more efficient and powerful amplifiers [1], [2], [3] leads
to an increase the heat flow, which ultimately affects their operating temperature. At the same time, the
performance and reliability of the GaN HEMT depend on the channel operating temperature, which is determined
by the substrate and transistor constructions [4], [5], [6]. For GaN HEMT channel temperature should not exceed
225°C for their reliability. To ensure it is important to realise appropriate detailed thermal analysis and to develop
a thermal management strategy for GaN solid-state RF power amplifiers.

Therefore, this paper presents an IR analysis of the surface temperature of several GaN HEMT chip
structures, as well as a TCAD simulation of the GaN structures to determine temperature distribution within them
and evaluate channel-substrate thermal resistance.

2. GaN Solid State Power Amplifiers chips under test

GaN HEMT Microwave Power Amplifiers (PA) MMICs were used to study the thermal fields and thermal
modes of GaN transistors. GaN PA MMICs included: one-stage, two-stage and multi-stage microwave amplifier
circuits with input and output matching networks, stabilization circuits (parallel RC circuit), and input and output
bias circuits to provide DC operation of the amplifiers. All PA MMICs used GaN HEMT with 4 um gate-source
length and 70 um spacing between gates.

The temperature of the GaN HEMT chip surface can be determined through either simulation [7], [8], [9]
or measurement [5], [10], [11] using the IR thermal imaging camera. Once the necessary thermal data were
obtained, the thermal resistance between channel and substrate or package can be calculated. It is important to
note that the estimation of the thermal resistance is necessary for the development of HEMT models, which are
then used for the simulation of self-heating devices. The HEMT models allow for the evaluation and maintenance
of the required temperature in structures with high-frequency operation and simulating it in CADs for increasing
their reliability.

The following electrical modes were set up when measuring the temperature of GaN HEMT chips:
1) for the one-stage amplifier the supply voltage was Uds = 28 V, and the maximum current ls was less than 0.32
A, and the input power was 25 dBm; 2) for the double-stage amplifier the supply voltage was Ugs = 28 V, and the
maximum current la was less than 1.5 A, and the input power was 27 dBm; 3) for the multi-stage amplifier the
supply voltage was Ugs = 28 V, and the maximum current lq was less than 2.2 A, and the input power
was 33 dBm.
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2.1. Temperature measurements and analysis of the GaN HEMT chips

The chip surface temperature measurements of the GaN PA MMICs were carried out using
the IR Flir A40 camera with 17 um macro lens, at a constant external temperature (room temperature) and the
different electrical bias (Vgs), drain currents and powers for the HEMTs.

Figure 1 shows a schematic diagram of the test-fixture for of the GaN PA MMIC and the overall view of
the chip surface thermal field measurement.

The base temperature was measured directly under the chip, where the thermocouple was attached
through a thermal interface. The heatsink was used to stabilize the base temperature.
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Figure 1. Simplified image of GaN HEMT chip mounted on the heatsink

A RF signal generator with an operating frequency of up to 18 GHz, laboratory power supply sources,
and a pre-power RF amplifier were connected to put the power amplifiers into the operating electrical mode.

Figure 2 shows the chip surface temperature distribution for a single-stage, two-stage, and multi-stage
amplifiers. The maximum temperature was observed in the drain area.

Figure 2. Chip surface thermal map for one-stage (left), two-stage (right) and multi-stage (bottom)
RF power amplifier
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Table 1 shows the calculations of the chip-substrate thermal resistance for the different electrical modes
of a single-stage amplifier. Table 1 shows that the thermal resistance between the crystal and the substrate
increases with increasing power.

Tables 2 and 3 show the surface temperature values at different points on the chip. At the same time,
the temperature variation across the chip in the active region can be more than 20°C. Such temperature
fluctuations can lead to negative consequences and should be taken into account for PA designing. However, the
maximum temperature of the GaN amplifier does not exceed 170°C with the power dissipation of more than 60 W
and 110°C with the power dissipation of 40 W.

Table 1. The thermal resistance and maximum temperature values of the one-stage amplifier under
different electrical conditions.

Ugs, V Ugs, V lg, MA thase, °C Max Tsur, °C Pdiss, W R, °C/W
-2.30 76 42 50 2 35
-2.10 134 50 60 4 2.7
-1.90 190 61 74 5 2.4
28 -1.70 246 68 85 7 2.4
-1.50 290 77 94 8 2.2
-1.39 318 82 100 9 2.2

Table 2. The thermal resistance and temperatures at the hottest points for the multi-stage amplifier in the
main electrical mode

Ugs, V Ugs, V la, MA thase, °C Tsurt, °C Paiss, W R, °C/W

SP01 -135
SP02 - 142
SP03 - 140
SP04 - 135
SP05 -130
SP06 — 129
SP07 - 130
SP08 — 128
SP09 -108
Tmax = 170

28 -5.27 2200 80 62 15

Table 3. The thermal resistance and temperatures at the hottest points for the double-stage amplifier in the
main electrical mode

Uds, \% Ugs, \% Id, mA tbase, °C TSUFf! °C Pdiss, W Rth; OC/W

SP01 -103
SP02 -86
SP03 - 98

28 -3.25 1537 60.8 SP04 - 105 43 1.2
SP05 - 96
SP06 — 95

Tmax = 110

The IR measured maximum surface temperature of GaN PA chips and the thermal resistances for HEMT
surfaces to thermal conducting bases were:

- one-stage PA MMIC: Tmax=100 °C (Pdiss= 9W), Rth=2,2 °C/W;

- two—stages PA MMIC: Tmax=110 °C, (Pdiss= 43W), Rth=1,2 °C/W;

- multi-stages PA MMIC: Tmax=170 °C, (Pdiss= 62W), Rth=1,5 °C/W.

The measured surface temperature of the GaN PA chips did not provide the sufficient information to
accurately determine the acceptability of its thermal operation without taking into account the actual temperature
in the HEMT channel. Therefore, the IR analysis results were used for TCAD electro-thermal models of GaN
HEMTSs calibration and for the further TCAD simulations and investigations of HEMT structures thermal modes.
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2.2. TCAD simulation of GaN HEMT chip using the IR analysis results

The results obtained during the GaN PA MMICs IR measurement in the previous chapter allowed us to
estimate the operating temperatures at the surfaces of the HEMT structures. However, it is worth noting that the
surface temperature of the transistor does not provide sufficient thermal information to accurately determine the
acceptability of its operation without taking into account the actual temperature in the HEMT channel. Therefore,
the IR analysis results were used for the thermal resistance calculation for the mentioned GaN MMIC chips and
for TCAD electro-thermal models of GaN HEMTSs calibration for our further simulations and investigations.

We carried out extensive numerical simulations to assess the temperature distribution across the p-n
junction of the field-effect transistor (FET) structure. This analysis is crucial for evaluating the thermal resistance.

The Sentaurus Synopsys TCAD software was used for numerical simulation of the GaN HEMT
structures. the physical processes within the transistor structure. The TCAD model for the GaN HEMT structure
comprised the fundamental two-dimensional equations, namely, the electron and hole transport equations, the
Poisson equation to determine the electrostatic potential distribution ¢, and the heat transfer equation inside the
GaN HEMT structure. Furthermore, the model incorporated a thermal conductivity equation that accounted for the
self-heating effect resulting from high specific power dissipation of GaN HEMT.

For the purpose of assessing the thermal resistance between the GaN HEMT channel and substrate, a
computational model the GaN HEMT was developed using the Sentaurus Synopsys TCAD platform. Within this
CAD environment, a GaN transistor structure was described, ensuring the necessary values of the layer
thicknesses, materials and doping levels. (see Figure 3). Next, the thermal model was calibrated using IR
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Figure 3. GaN structure implemented in TCAD

measurements described above.

Then using the calibrated TCAD model, we determined the hottest point of the transistor structure
(Tchanner) @and the temperature at the lower boundary of the substrate (Tsubstrate). Then, we calculated the thermal
resistance between the GaN HEMT channel and the substrate as follows:

Rth = (Tchannel - Tsubstrate)/Pdiss (1)

where Pdiss — HEMT dissipation power.
To determine the thermal resistance of the GaN transistor, the thermal conductivity values of transistor
structure materials from the Table 4 were used.

Table 4. Thermal conductivity values of HEMT structure materials

Material Si AlGaN AIN GaN Au

Thermal conductivity at
25°C, Wim-K 149 0.46-1.15 316 130 318

Figure 5 shows the temperature distribution within the GaN HEMT structure obtained with the Sentaurus
Synopsys TCAD. The simulation results for the temperature fields were obtained using HMP gate-source voltage
of 0 V and the drain-source voltage of 28 V. Under these conditions, the drain current was measured 0.250 A, and
the power consumption of the HEMT reached 7 W.

Then the channel temperature of GaN HEMTs were determined by electro-thermal modelling in

TCAD. The TCAD simulated channel temperature values for the two-stage amplifier were the next:

- atthe Sp01 was 105°C (the measured temperature of the SP01 was 103°C),
- atthe Sp02 was 90°C (the measured temperature of the SP02 was 86°C), and
- atthe Sp03 was 99°C (the measured temperature of theSP03 was 98°C).



18" Quantitative InfraRed Thermography Conference, 29 June — 3 July 2026, Naples, Italy

Thus, the TCAD simulated chip-substrate thermal resistance was 1.28 K/W, which was consistent
with the its value evaluation results from the IR measurements. It is worth noting that the TCAD simulated
temperature values of the GaN HEMT channel were 3-10 degrees higher than on their surface. Thus, for this

design, a small difference in surface and channel temperature is not critical. However, for other structures,
temperature variations may be more pronounced.
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Figure 5. One- and two-dimensional temperature distribution in the GaN transistor structure of one—stage
amplifier
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Figure 6. One- and two-dimensional temperature distribution in the GaN transistor structure for of two—stage
amplifier

3. Conclusions

The following test variants of the GaN PA chips were analysed for characterization of their thermal
behaviour: one—stage amplifier chip (Pdiss =9 W), two—stages and multi-stage amplifier chips with the different
circuit configurations (Pdiss = 43 W and 62 W).

The IR measured maximum surface temperature of GaN HEMT and the thermal resistance of surface to
thermal conducting bases were the next:

- one-stage PA MMIC: Tmax=100 °C (Pdiss= 9W), Rth=2,2 °C/W;

- two—stages PA MMIC: Tmax=110 °C, (Pdiss= 43W), Rth=1,2 °C/W;

- multi-stages PA MMIC: Tmax=170 °C, (Pdiss= 62W), Rth=1,5 °C/W.

The surface temperature value Tmax=170 °C was acceptable for this type of transistors (the channel
temperatures was less than 225-C).

However, it is worth noting that the key aspect for evaluating HEMT reliability is the temperature of the
transistor channel. Therefore, the IR analysis results were used for TCAD electro-thermal models of GaN HEMTs
calibration for further thermal simulations and for calculation of the GaN IC chips thermal resistances (for circuit
analysis).

The results of IR analysis and TCAD electro-thermal simulation confirmed the acceptability of the thermal
modes of the tested GaN HEMT amplifiers chips from the reliability point of view.
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