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Abstract—On-wafer RF and IV characterizations are per- access (TDMA). The study of power devices under pulsed con-
formed for the first time on power GaN high electron-mobility  ditions and under different temperatures of operation allows one
transistors (HEMTSs) under pulse and continuous conditions at ,,nqerstand the thermal behavior and to answer the question of

different temperatures. These measurements give an in-depth heth . inh inks will i he d
understanding of self-heating effects and allow one to investigate Whetheror notimprovements in heatsinks willameliorate the de-

the possibility of improving heat-dissipation mechanisms. A Vice's characteristics. Additionally, studying devices under these
pulsed load—pull system that measures the power gain of the conditions enables one to build more robust models that help un-
device-under-test (DUT) under pulsed RF and bias condition has gerstand the device physics [6], [8]-[10].

been developed. To the best of our knowledge, this is the first time . L h h
that the reflected power at the DUT is measured under the pulse The design of RF circuits requires reliable and accurate non-

mode of operation. Additionally, an improved small-signal model linear models. During the past 15 years, most of the work in
for power GaN HEMTSs that incorporates the geometry of the the RF nonlinear modeling area has essentially been focused on
device is developed at various temperatures. This is the basis for GaAs MESFETs/high electron-mobility transistors (HEMTS),

empirical large-signal modeling. and Si MOSFETs [11], [12]. Improvements in the models have
Index Terms—GaN HEMTs, microwave power FETs, modeling, progressively been made to predict more accurately the funda-
pulsed load—pull, self-heating effects. mental frequency, as well as harmonics and intermodulation dis-
tortion at different bias conditions, temperatures, and termina-

I. INTRODUCTION tions. As a result, nonlinear empirical models incorporate alarge

. L . . . number of fitting parameters and external circuit elements [11].
T HE wireless communication market is growing rapidi\y e onlinear modeling methods of GaN HEMTS can be derived

and there is a great demand for high-power transistg{g, techniques applied to GaAs and Si FETs.
for applications such as phased-array antennas and base stg; s paper, we present on-wafer measurement results fea-
tions. Today,_avallable power transistors are in the 1'W/mﬂ]ring IV, S-parameters, and load—pull characteristics at dif-
range. Candidates to fill the need for higher output pPOWgL ent temperatures. Botl and RF power characteristics are
are Si-LDMOS and SiC/GaN-based transistors. They offgppieyeq in continuous and pulsed modes. Additionally a small-
power_den5|t|es in the few watts per millimeter range becau%na“ model that operates up to 15 GHz has been extracted for
of their high breakdown voltage [1]-{7]. GaN-based COMyiferent bias conditions and at various temperatures of opera-
pared to SiC-based transistors and Si-LDMOS offers hlghﬁ(gn, enabling large-signal transistor modeling.
cutoff frequencies and maximum frequencies of oscillation g paper is organized as follows. Section Il presents details
(fr = 25 GHz, andfuax = 33 GHz) [2], [4], [5]- of the measurement techniques. Section IIl shows the study of

Pulsed RF and bias measurement systems have been deyg-neating effects through de/pulséd and small-signal RF

oped to overcome self-heating effects that perturb measuremenis, » cterization with the temperature of operation as an addi-
performed with traditional continuous charac_terlzanon syste_rqﬁmm parameter. Modeling of GaN HEMTS for different tem-
Such systems allow one to understand the ideal charactenngatures is presented in Section IV. The results of cryogenic

ofadevice, and build accurate models for applications that wag 41| measurements are presented in Section V. Section VI
under a pulsed mode of operation such as time-division multi%aesemS a conclusion.
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Fig. 3. Transconductance and drain current vefdus for various tempera-

Fig. 1. Photography of the cryogenic microwave probe station. tures attps = 30 V.

IIl. STUDY OF SELF-HEATING EFFECTSTHROUGH DC/PULSED
IV AND SMALL -SIGNAL RF CHARACTERIZATION AT
V ARIOUS TEMPERATURES

Peak
Power Meler

Under large drain bias, the device lattice temperature in-
creases and so does the carrier phonon scattering rate, which
leads to a drop in the carrier mobility. This effect has been
reported to be of great influence in reducing the output conduc-
tance of FETs [13], and is commonly referred as “self-heating.”
Evidence of such an effect is a negative slopejir(Vps).
Biasing devices during a short period of time reduces car-
rier/lattice exchanges and, therefore, one can control the heat
dissipation in the device. Experiments performed using pulsed
Fig. 2. Schematic of the measurement system. IV systems support this assumption by showing characteristics
free of self-heating [14]-[16].

on the cold wafer stage and the test chamber is evacuated to pré-he lattice temperature is also well known to be of significant
vent frost buildup and large thermal gradients when cooling tHafluence on the carrier mobility and, therefore, on the device
chamber. characteristics.

The experimental setup consists of two pulse bias generatordh this section, we present a study of heating effects in GaN
a frequency source synchronized with the pulse generatord]BMTs through dc/pulsetV and small-signal RF characteri-
solid-state power amplifier, and mechanical tuners to control thation at various temperatures of operation.
load and source impedances at the DUT. The current is moni- o
tored with a digitizing scope through a current probe. The Ris DC/Pulsed IV Characterization
power is monitored with a peak power meter. Measurements ardhe GaN HEMT dc characteristics show an increase in the
achieved at a gate baseline that is in the pinchoff region of theain current and device transconductance while operating at a
DUT. Both the drain and RF pulsewidth are shorter and delaysstluced temperature (Fig. 3). The improvements are results of
by a few 100 ns in order to be centered in the gate pulse. Figa@ increase in electron mobility [17].
presents a diagram of the setup used. Fig. 4 exhibits pulsedv measurement characteristics at 300

An S-parameter calibration of all elements (fixtures, biak for various duty cycle at 0-V gate bias and a pulse period
tees, couplers, cables, adapters, etc.) is used to retrieve dh&00 is. By gradually reducing the pulsewidth, the negative
actual power at the input and output of the DUT. To owslope of thelps(Vps) characteristics diminishes.
knowledge, we are the first to measure the reflected powerFig. 5 compares the drain-to-source current at 300 and 65 K
under pulsed conditions and under a large-signal mode wfder a pulsed and continuous mode of operation. Pulsed char-
operation for various load and source impedances (load—patieristics are obtained with a signal period of 1) and a
measurement setup), allowing us to extract the power gainlsewidth of 1;s on the drain side. Unlike at 300 K, pulsed
(Gp) of the DUT in addition to the transducer gaii-£). and continuousV characteristics ai’ = 65 K correlate for

The studied GaN HEMTs are provided by CREE Incdrain voltages larger than 15 V. The mismatch observed at 65 K
Durham, NC, and are grown on an SiC substrate, with a low drain voltages has been reported in [18].
gatewidth of 125.m per finger. Measurements were performed Fig. 6 shows the temperature effects on Hg{Vns) and
on different devices with various gate lengtis;(, number of dc-gs(Vps) characteristics. At any temperature, it is possible
fingers, gate-to-source lengthBds), and gate-to-drain lengthsto define the drain voltage threshold as the drain voltage value at
(Lap). which the drain current starts to decrease. Itis noteworthy that, as

Anaiyrer

Cugrent
Amplifier
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Fig. 5. Drain current at’;s = 0 V under pulsed and continuous conditions
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Fig. 7. Drain currentversus pulsewidth for pulsewidth threshold determination
(isothermal environment) at various temperatures.

At any bias and temperature condition, it is possible to define
the pulsewidth threshold as the pulsewidth that leads to a drain
current saturation. Fig. 7 displays the pulsewidth threshold for
Vbs = 45V, Vgs = 0V, a period of 100us, and at several
temperatures. We observe that at 150 K, the drain current is satu-
rated at all available pulsewidths. This is perceived as an absence
of any heating effects. Above 225 K, the drain current could not
be saturated at any available duty cycle (the minimum duty cycle
used was 1%). Therefore, itis possible to say that the pulsewidth
threshold is below 1:s for temperatures greater than 225 K. For
temperatures between 150-225 K saturation of the drain cur-
rent was observed and, thus, a threshold value was extracted.
We observed that the threshold value to achieve drain current
saturation increases while temperature decreases, meaning that
a reduction in the external temperature decreases self-heating
effects in the device. Fig. 7 also shows the pulsewidth threshold
as a function of temperature for two different bias conditions.

B. Small-Signal RF Characterization

S-parameters allow one to study small-signal device perfor-
mances. They enable the derivation of the stability factor, cutoff
frequency (), maximum frequency of oscillatiorf{;ax), and
load and source stability circles. These extracted parameters
help one understand the behavior of devices under a large-signal
mode of operation. The load and source contours give initial
matching conditions for maximum output power and gain.

ST and fyax are extracted, respectively, from the short-cir-
cuit current gain X21) and the maximum available unilateral
gain ((F 4, Max) calculated using the following expressions:

2 (1—=811) (1 + 52)+ 512521
S 2
G4 Max = 521

(1= 1511]3) - (1 = |S22)?)

the temperature decreases, the drain voltage threshold incredsigs.8 shows short-circuit current gain and maximum available
This is interpreted as an extension of the drain voltage range é@in under different temperature conditions. The cutoff fre-
which the DUT does not suffer from self-heating. At the samguency (1) and the maximum frequency of oscillatiofy{sx)
time, a decrease in the temperature reduces the gate currentmprove while reducing the temperature of operation.
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(b)

Fig. 10. (a) Schematic cross section of an HEMTVat; = 0 V showing
the physical origin of scaling elements for an equivalent circuit under pinchoff
conditions. (b) Equivalent circuit of pinchoff FET &bs = 0 V.

[19] and [20] under pinchoff conditions considered a uniform
repartition of the fringing capacitanc€y under the gate.
Two scaling coefficients, based on the geometry of the device,
are added to take into account the asymmetry of the device.
Fig. 9. Equivalent-circuit diagram of an HEMT used for parameter extractlonIg 10(a) shows a schematic cross section of the transistor
and modeling. at zero drain bias, showing the physical origin of the scaling
coefficients, and Fig. 10(b) presents a complete equivalent
IV. MODELING OF GaN HEMT circ_uit under such bias conditions. A gate centered Wi_th the
drain and source would lead to two equal scaling coefficients
A standard hybrid-Pi topology is used to simulate the chagind, therefore, to the model proposed by Dambehal. By
acteristics of a GaN HEMT (Gatewidth 125 x 2 um, Las = neglecting the influence of the inductances and the resistances,
0.1 pm, andLgp = 3 pm) from 1 to 15 GHz over a com- the imaginary part of th& -parameters of the previous circuit
plete range of bias conditions and temperatures. As shown in #re given by
equivalent circuit (Fig. 9), the value of 15 parameters are deter-

mined to simulate the device characteristics under small-signal Im(¥11) =jw.(Crc +(a+0).Cp)
operations. The elements outside the dotted box represent the Iin(Yi2) =ln(Ys ) = —jw.a.Cp
extrinsic part of the device. They come from the metal traces and Im(Y2:) = j.w.(Cpp + a.Cp)

the probing pads [19]. “ColdFET” measurements in conjunc-
tion with an improved equivalent circuit based on geometricalherea andb are the two scaling coefficients. Fig. 11 presents
considerations of the device lead to the parasitic element valdles absolute values of thg-parameters imaginary part mea-
determination. Intrinsic element values are determined analyiired at zero drain bias and under pinchoff conditions. The ex-
cally from the intrinsicY -parameters. Finally, a computer-aidedracted capacitances values &rgp = 34.6 fF, andCpg =
design (CAD) tool is used to optimize all parameters values. 44.22 fF (¢ = 3 andb = 0.1).

Parasitic inductances and resistances are obtained from mea-
A. Extraction of Parasitic Elements surements at zero drain bias and under forward gate-bias con-

S-parameters measurements at zero drain bias can be use#l({gns [19]. Under such bias conditions, teparameters can

determine the device extrinsic parameters because the equRfa&xPressed as
lent circuit is much simpler [19], [20]. Re  nkT .
Parasitic capacitances are obtained from Yh@arameters Zu =Bs+Re + —= + 1o +jw.(Ls + Lg)
recorded under pinchoff conditions. The small-signal model Re
presented in this paper simulates a highly nonsymmetric device Z12 =Z21 = Hs + -t Jw.Ls
(Lgs = 0.1 um, Lg_D =3 um), an_d equations f_rom Dambrine Zss =Rs +Rp + Re + jw.(Ls + Lp)
et al. [19] and Whiteet al. [20] yield to negative values for
the extrinsic capacitances. The equivalent circuit proposedvitnere R represents the channel resistance.
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The extrinsic inductances can, therefore, be extracted fror 20 - ]
the imaginary part of th&’-parameters. Fig. 12 shows results L 1
derived fromS-parameters measurements. The calculated pai 44 [ ]
asitic inductance values afg; = 22 pH, Lp = 23.1 pH,and N
L = 234 pH. &

The real parts ofZ;, and Z»» (Fig. 13) lead to two equa- 6 r ]
tions involving the parasitic resistances, as well as the chann I 1
resistance. A third relation is obtained by knowing the real par 14 L ]
of Z;; under various gate conditions [see Fig. 14(a) and (b)] I 1
An additional relation required for unequivocal resistance de N T SO T T
termination can be obtained from various methods [19]. In this 100 150 200 250 300 350 400
model, the parasitic resistances are expressed as a function 111 (A"
the channel resistance (Fig. 15), and a range of possible values ¢
for R is determined by considering that all resistance values ()

must be kept positive. An initial value for the extrinsic resisFig. 14. (a) Real partaf:, versus frequency under various forward gate-bias
tances is then determined by taking the channel resistance V%&E ge and zero drain-bias voltage for parasitic resistances determination.
. . . eal part ofZ,, at zero drain bias versul/ I, for parasitic resistances

in the middle of its range. determination.

B. Extraction of Intrinsic Elements a series of matrix operations [19]. Fig. 16(a) presents the
The intrinsic elements can be analytically determined froextracted transconductan€&,; on a complete bias range at

the intrinsicY -parameters [21] obtained after deembedding tle = 150 K andZ" = 300 K. It illustrates the improvement

parasitic elements from the measur8eparameters through of the GaN HEMT characteristics while operating at reduced
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as 7 - Fig. 17. (a) Comparison of measured and modeéleghrameters atps =
30V, Vas = —1V, f = 1-15 GHz, andT' = 150 K. (b) Comparison of
(a) measured and modelestparameters atps = 30V, Vo = =1V, f =

1-15 GHz, andI’ = 300 K.

TABLE |

CGS CDS CGD Rl 1/ GDS GM
T=150K [210fF [11fF [21.5fF [0.1Q [588Q [57mS
T=300K |I182fF [35fF [26fF |10Q [650Q [50mS

Cgs (fF)

Lo = 234 pH, Lp = 23.1 pH, Ls = 22 pH, Rg = 3.5 Q,

Rp =15 Q, Rs =54, CPG = 36.9 fF, andeD = 279 fF.
Small-signal simulations are performed from 1 to 15 GHz at
Vas = —1VandVps =30V atT = 150 K [see Fig. 17(a)]
and at” = 300 K [see Fig. 17(b)]. Table | summarizes the
intrinsic element values at both temperatures.

(b)

i o V. LoAD—PULL CHARACTERIZATION OF GaN HEMTs
Fig.16. (a) Extracted transconductadeg; versus gate and drain biasiat=

150 KandT = 300 K. (b) Extracted gate-to-source capacitadtgs versus As presented earlier, self-heating occurs under large drain
gate and drain bias dt = 150 K andT" = 300 K. bias and at high drain current in a continuous mode of operation.
The pulsed load—pull system allows us to measure RF power

temperature, confirming results obtained from WE-mea- characteristics of a device under various load and source termi-
surements. Fig. 16(b) shows an increase of the gate-to-souig8ons and under pulsed RF and bias conditions, enabling us to
capacitance on a wide bias range when the temperaturexabw the power characteristics of power devices in a heat-free
operation is reduced from 300 to 150 K. mode of operation. We propose here to study the influence of
self-heating on RF power characteristics.

Fig. 18 shows the RF power performance into{®®@ermi-

A design tool is used to tune the final value of extrinsic andation of a GaN HEMT sample when operated at reduced lat-
intrinsic parameters. The extrinsic parameters values are findllye temperature. Measurements are achieved under pulsed and

C. Results
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the drain-to-source current under a pulsed and continuous
regime. As expected, the drain current is larger under a pulsed
mode because the device operates in a heat-free regime.

VI. CONCLUSION

In addition to detailed on-wafer measurements results of
dcHV, pulsedtv, and S-parameters, a novel pulsed load—pull
system featuring reflected power measurements has been built
and utilized to measure, for the first time, RF power charac-
teristics of GaN HEMTs at various temperatures of operation
under a pulsed condition. These measurements allow the
understanding of self-heating effects in GaN-based transistors
and the possibility for device structure improvement resulting
in better device performance. The measurement results give an

Fig. 18. Output power versus frequency under pulsed and continuous corlizd€pth understanding of the device behavior and are the basis

tions into 50¢2 termination atl” = 150 Kand7 = 300 K (Vps = 30V,
Vas = 0 V). The insert showdps(Vps) data at 300 KVgs = 0V, and

for robust device modeling. A small-signal model that takes
into account the device geometry for parasitic extraction has

Vas = —2 V with Vps up to 35 V.
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Fig. 19. Pulsed (dashed lines) and continuous (solid lines) RF power measure-
ment results into terminations for maximum output poweyf at= 10 GHz,
Vbs =30V, Vgs = 0V, andT = 300 K.

(5]
continuous wave (CW) mode of operationias = 0 V and
Vbs = 30 V. As the temperature decreases, the heating effects
become less important, resulting in little difference between CW/[6]
and pulsed RF/bias power measurements. The pulsed power

measurements are achieved with apulsewidth on the gate 7]
side, a 3us pulsewidth for the drain, and a;& pulsewidth for

the RF signal { = 10 GHz). While the absence of a negative
slope inIpg(Vps) atV = —2 'V, shown in the inset of Fig. 18,  [g]

is characteristic of a heat-free environment, the negative output
conductance foVpg greater than 12 V dtg = 0 V tells us that
self-heating is not negligible.

Fig. 19 illustrates the transducer and power gain of the
device under both a pulsed and continuous mode of operatigig,
tuned for maximum output power at the 1-dB compression
point. Optimum load and source impedances were determinﬁgll
under a pulsed condition. The pulsed power measurements are
achieved with a 3.4+s pulsewidth on the gate side, a 3.8-
pulsewidth for the drain, and a /3s pulsewidth for the RF
signal (f = 10 GHz). The duty cycle was set to 1%. It is the [12]
first time that the reflected power is measured under a pulsed
condition. The device exhibits an improvement of gain when
operating under pulsed conditions. Additionally, Fig. 19 shows

(9]

also been developed at different temperatures of operation.
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