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Abstract - Power, linearity and noise performance of 
AlGaNlGsN power HEMTs are measured at different gate 
to-source bias conditions in order to study the influence of 
self-besting on device RF performance. Addidonatty, 8 lond- 
pull system, capable of measuring intermodulation distortion 
products under pulsed mode of operation, is implemented for 
the first time. This new system is used to investigate the 
impact of self-beating on power devices’ Linearity. Also, for 
the tlrst ttme, the et&et of the RF drive on thermal effects 
and power added etliciency (PAE) is investigated. This forms 
the basis of more accurate nonlinear models. Finally, thermal 
simulations of 2-fmger GaN FETs are performed under 
pulsed and continuous regime to determine the temperature 
distribution caused by a SW/mm power dissipation density. 

I. INTaODUCTlON 

Power amplifiers, that operate at microwave 
frequencies, are key elements for applications like phased 
array radar and base stations. Al&N/&N high electron 
mobility transistors (HEMTs) offer important advantages 
for high power applications due to the GaN wide bandgap 
[l-5]. &N-based FETs offer power densities in the few 
W/mm range, cutoff frequencies (fr) above ZOGHz, and 
maximum frequency of oscillation (fhlAx) beyond 25 GHz. 
High power microwave circuits have already been 
proposed showing the great potential of this technology 
[6-S]. 

However, the overall power present in GaN-based 
power FETs is large and cannot be completely dissipated 
throughout the substrate. As a consequence AIGaN/GaN 
HEMTs suffer from self-heating effects. These effects 
perturb measurement results and reduce the lifetime of the 
devices under continuous mode of operation. The study of 
issues, like the reliability of GaN-based devices [g-10], 
and the understanding of heat dissipation in those 
transistors [l l-121, is still in its early stages, and is crucial 
to providing a stable technology. 

Operating devices during a short period of time 
permits one to control the heat dissipation in a device. 
Based on this assessment, pulsed-IV, pulsed S-parameter, 
and pulsed load-pull systems [11,12,13,14] have been 
implemented in order to measure heat-free characteristics 

of high power devices, and to get an in depth 
understanding of heat dissipation mechanisms, allowing 
one to build models that integrates thermal effects. 

We investigate in Section II the changes of device 
characteristics under continuous mode of operation when 
switching from an isothermal environment tn a heat 
regime in order to get a better understanding of self- 
heating effects on the device microwave performance. In 
Section III, an innovative load-pull system capable of 
measuring intermodulation distortion product under pulse 
mode of operation, is used to study the influence of self- 
heating on the device linearity. Section IV presents a 
method tn relate thermal effects and PAE. Finally, Section 
V shows results of thermal simulation of GaN FETs on a 
SIC substrate, under pulsed and continuous stimulus. 

‘II. SELF-HEATING EFFECTS ON DEVKE RF PERFORMANCE 

AlGaN/GaN HEMTs, grown on a SIC substrate, 
having a total gate width (Wn) of 25Opm were studied. 
They exhibit an $ of 22GH2, a breakdown voltage 
between 60 and SOV, and a current density of SOOmA/mm. 
A negative slope is present in Ios(Vos) curves under high 
bias conditions typical of self-heating effects. 

We present in this section noise, power and linearity 
performance of those devices under continuous mode of 
operation at various gate-to-source bias conditions in order 
to observe the evolution of the device characteristics when 
switching from an isothermal environment to a self- 
heating regime. Drain-to-source voltage (Vn,) is fixed at 
22V while the gate-to-source voltage (Vns) is varied 
resulting in a DC power (Pot) sweep fmm 0.5W tn 3.5W. 

Noise parameters were measured from 2 tn l4GHz 
using an ATN/Agilent noise measurement system. As 
shown in Fig.1 the minimum noise figure (FUIN) degrades 
with increasing frequency and Pm. 

The extracted equivalent noise resistance (RN), 
presented in Fig.2, is more sensitive to Pm than to the 
frequency of operation. Its value in the self-heating regime 
is twice its value under isothermal conditions of operation, 
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making the device more sensitive to source impedance 
termination. 
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Frect”F”cy (GHZ, 
Fig. L Extracted minimum noise figure t?om low to high DC 
power Krsus frequency. 

Frepuennl (GHz) 
Fig. 2 Extracted equivalent noise resistance from low to high, 
DC paver versus frequency. 

Power and linearity characteristics are extracted at 
8GHz. Load and source impedance are tuned for 
maximum output power at the 1dB compression point for 
all bias conditions. 

Fig.3 shows power sweep results under high bias 
condition. A 4W/mm power density is achieved with 27% 
power added efficiency (PAE), and a gain of 12 dB. 

Noise, power and linearity parameters and figures of 
merit at 8GHz with respect to bias is shown in Table 1. 
For comparative purposes, the IdB compression point 
obtained under each bias condition is chosen for reference. 

OPlds represents output power of the fundamental 
frequency at the 1dB compression point. IIP3 is the input 
power of the third order intercept point obtained from 
intermodulation distortion (IMD) measurements. 

In those measurement Pot is increased by reducing 
the magnitude of Vcs while Vos = 22V, resulting in 
biasing conditions further away from pinch-off. Gain, 
efficiency and noise performance degrade when increasing 
Pm while output power and linearity improve. 

P,- mm, 
Fig. 3 Power results of an AIGaNlGaN HEMT with 
W~=25Opm at 8GHz, and at (V,, = 22V; Vos = 1.5V). 

Tab. I Comparative table of CW performance at 8GHz with 
respect to the bias condition (dissipated power). 

III. PULSED IMD MEASUREMENT SYSTEM 

We present in this section a novel characterization 
system that allows one to measure intermodulation 
distortion products under pulse mode of operation. It 
combines an improved pulsed load-pull system [l l-121 
and time-gated capabilities of a microwave spectrum 
analyzer. This system enables one to measure device 
linearity under high power condition without self-heating 
effects. Fig.4 shows a schematic of the setup. 

Fie. 4 4 Schematic of the oulsed load-uull/Intermcdulation Schematic of the 
di&tion measurement system: 

IMD measurements are performed at 1OGHz 
(Vos=30V and VGs=-OSV) under continuous mode of 
operation (Iu~#125mA), and under pulsed regime 
(Ios#144mA) using a pulse width of 5~s and a duty-cycle 
of 1.6%. Load and source impedance are tuned for 
maximum output power at the 1dB compression point 
under each condition of operation. 

As shown in Fig.5, an improvement of 2dB of the 
transistor gain is reported under pulse mode of operation. 
Consequently, the power of the carrier and the power of 
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the intennodulation distortion products increase. As a 
result the IIP3 remains about the same, and the OIP3 
increases by 2dBm. 
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Fig. 5 Pulsed IMD measurement results. 

Pulsed IMD measurements are also performed 
selecting a Vcs value that achieves the same drain current 
as measured under continuous regime. Results are similar 
and lead to a higher gain and an increase of OIP3 by 
2.3dBm. 

IV. SELF-HEMNO EFFECTS ON PAE 

When the total power (PT) present in a device exceeds 
its power dissipation capabilities, represented by the 
power threshold PmnEs, the device suffers from thermal 
effects. The excess of power (AP) results in an increase of 
the device temperature modifying the carrier electronic 
transport properties and therefore changes the device 
characteristics (151. 

In this section we relate the changes in AP caused by 
an RF drive and the PAE of a device suffering from self- 
heating effects. 
A.PowERTHRESHOLD 

The value of Pm= is determined on a 250pm device 
using temperature dependent DC-IV measurement results. 
As reported in [l l] the drain voltage threshold where the 
drain current characteristics degrade increases when 
decreasing temperature of operation. This allows an 
accurate determination of the threshold value. Measuring 
the power threshold at various low temperatures enables 
accurate extrapolation of PTHREs at mom temperature. 

As show in Fig.4 a 1.67W Pmms is extracted at 
293K. 

II 
J 

B. DCCASE ’ 

The drain current characteristics of a transistor can be 
expressed at a given bias point with the admittance Y: 

IDS = Y, v, (1) 
Without an RF drive, the total power present in a 

device, Pr. can be expressed by: 
Pr=Pm sVm.I, (2) 

Fig.7 illustrates the variation of the drain current IDS 
and the variation of the admittance Y with PT at a given 
Vos, of a device suffering from self-heating. 
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Fig. 7 Admittance Y and drain current IDS versus total power 
Pr of a 250pm AIGti/GaN device at fixed VGS. 

C. DC + RF CASE 

In presence of an RF drive P7 can be written as [15]: 
P,=P,+F$-I$m=&.(!/PAE-I)~(G-l) (3) 

where Pm is the power level of the RF drive, and G is the 
gain. The parameters in Eq.3 can be determined at any 
bias points and terminations from power measurements. 
Fig.8 shows a decrease in total power to dissipate in a 
250um device when increasing the input power level, and 
causes a reduction of the thermal effect’s magnitude. This 
results in an increase of the drain-to-source current. 

The power added efficiency of a device increases with 
the input power level. In a class A operation the 
improvement in PAE starts to become significant when 
the device goes into compression as Pot decreases while 
P,,,-P,. increases. In presence of thermal effect, the 
reduction of PT causes Ius to increase working against the 
negative dc component resulting from the harmonics 
generated by the devices’ non-linearity. As a consequence, 
in presence of thermal effects, the peak PAE is not as high 
as in a heat free device. 

Integration of the thermal effect magnitude changes 
with the input of the RF drive in’ nonlinear model would 
lead to more accurate prediction of the device behavior. 
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Fig. 8 PT and PAE versus Pm. 

V. TEMPERATLIR~? ANALYSIS 

A 2 finger GaN FET grown on Sic substrate is 
modeled as a stack of GaN, (active region = 4pm), SIC 
(substrate = 13mil), AuSn (solder = lmil), and CuMoCu 
(base = SOmil) for thermal analysis purposes. The 
temperature of the base plate is fixed at ZO’C, and 
simulations are performed under pulsed and continuous 
condition with a power density to dissipate of 5Wlmm. 

Fig. 9 shows the peak GaN surface, the &N/Sic 
interface and the CuMoCu surface temperatures for a 
series of 5ms pulses at 25% duty cycle. Timing parameters 
correspond to those that might be used in pulsed radar 
applications. A 30°C temperahtre drop in the thin GaN epi 
layer is reported, and the peak temperature is about 20°C 
lower than the continuous wave case (Tcw = 96°C). 

F. .I...I...I.. ,.I 
IDo 20 

:P,e (rm, 
80 80 

Fig.9 Temperature response at the surface of the GaN layer, 
at the GaN / SIC interface, and at the CuMoCu surface, under 
pulsed stimulus. 

A temperature of the GaN layer of 300°C has been 
rep&d when grown on a sapphire substrate (a = 
0.28W/cm-K) with a base temperature fixed at 3O’C [16]. 
The thermal conductivity of Sic (cs = 3.9W/cm-K) is 14 
times higher and results in lower temperature. 

VI. CONCLUSION 

Power, noise and linearity measurements have been 
carried out on-wafer under various power conditions to 

investigate self-heating effects on AlGaNMjaN power 
devices. In addition, measurement results using an 
innovative pulsed IMD system give an in depth 
understanding of the influence of self-heating on the RF 
device performance. Also, the influence of thermal effects 
on the PAE is investigated. Finally, the temperature 
distribution in GaN FETs under large power density is 
presented. This study allows one to build more accurate 
nonlinear models of devices exhibiting thermal effects. 
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