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Abstract—The scalability of power performance of AIGaN/GaN tolerance and radiation hardness of the circuits. The latter is

MODFETSs with large gate periphery, as necessary for microwave corroborated by recently demonstrated operation of GaN-based
power devices, is addressed in this paper. High-frequency HFETs at 750C [3].

large-signal characteristics of AlIGaN/GaN MODFETs measured . .
at 8 GHz are reported for devices with gatewidths from 200um AlGaN/GaN modulation-doped FETs grown on sapphire

to 1 mm. 1-dB gain compression occurred at input power levels by RF-assisted molecular beam epitaxy (MBE) have a high
varying from —1 to +10 dBm as the gatewidth increased, while potential for high-power electronics, as previously reported in
gain remained almost constant at~17 dB. Output power density  [4]. The dc and small-signal high-frequency performance of
was ~1 W/mm f_or all qlewces_ and maximum output power (29.9 Al 5Ga, -N/GaN MODFETs with gatewidths ranging from
dB_m) occurred_ln devices with 1-mm gates, while power-z_idded 200‘ ¢ 800 | " ted [5 d lent
efficiency remained almost constant at~30%. The large-signal ) 0 ; pm Wfis also recently reported [5], and exce _e.n
characteristics were compared with those obtained by dc and Uniformity of drain current across the wafer and scalability
small-signal S-parameters measurements. The results illustrate a of drain current and transconductance with the gatewidth was
notable scalability of AlGaN/GaN MODFET power characteristics  demonstrated. However, there is lack of detailed information
and demonstrate their excellent potential for power applications. 5 the scalability of power saturation characteristics for large
~ Index Terms—Pevice measurements, microwave power ampli- gate-periphery power devices. A first analysis of power char-
fiers, MODFETs, semiconductor. acteristics and scalability issues in AlGaN/GaN HEMTs was
recently reported in [6]. This paper presents further detail on the
l. INTRODUCTION large-signal performance and scalability of AIGaN/GaN power
MODFETs with gatewidths up to 1 mm. Section Il reports
. X eneral power considerations of GaN-based devices compared
defen_se use stlmulate_ th_e growing de'_“a“d for deyel With GaAs-based designs and describes the design, growth, and
ment of h|gh-power. monpllthlc-m|crowave |ntegrated—cwcméeometry details. The dc and small-signal characteristics are
(MMIC) power amplifiers in the 1-30-GHz frequency range resented in Section lll. The bias and gatewidth dependence of

g:;r\engly, rgost_ power M:WCS. Etlt thei'e frequenqcej:s Emzl Ye large-signal characteristics are described in Sections IV and

S-based microwave transistors. However, wide-ban ,pwhile correlation between dc, RF, and power performance
semiconductors such as IlI-V nitrides offer a possibility o 'ie reported in Section VI
al .

operation with a higher output power due to increased critic
field (Fcr = 2 MV/cm for GaN and0.4 MV/cm for GaAs),
high carrier saturation velocitygar = 2 x 107 cm/s for GaN
and1 x 107 cm/s for GaAs), and good thermal conductivity
(A = 1.3 W/cm for GaN and).5 W/cm for GaAs). An analysis of the power characteristics of the investigated
Excellent high-frequency characteristics demonstrated usiAfzaN/GaN MODFETs was performed first by comparing
GaN-based heterojunction field-effect transistors appear ttwir performance to that of GaAs-based devices. The power
support the high-power potential promised by these devicespability of different semiconductor materials can be com-
and are analyzed in Section Il. AlIGaN/GaN HEMTs grown opared using figures-of-merit that evaluate their power-handling
SiC substrates demonstrated record power densify-aand capabilities. Thus, Johnson®¥'OM = (EcgrVsar/7)? mea-
(7 W/mm at 10 GHz) [1], while AIGaN/GaN HEMTs grown sures the maximum capability to energize carriers by electric
on sapphire had 3 W/mm at 18 GHz [2]. Moreover, the use 6€éld [7], while Shenai’s figure-of-meriQF1 = Ao, (where
wide-bandgap semiconductors in power amplifiers not onlyis the thermal conductivity and, is the conductance of the
increases the output power, but also extends the temperatthrannel) measures the power handling in terms of generated
heat [8]. To illustrate the advantages of nitride technology,
Manuscript received June 8, 1999. This work was supported by MicrowaU"elese figures-of-merit calculated for GaN and normalized with
and Analog Front End Technology 3 under Contract N66001-96-C-8637, andi@spect to GaAs are presented in Table . Whereas the ability of
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TABLE |
HIGH-POWER CAPABILITY FIGURES-OFMERIT FOR GaN
NORMALIZED TO GaAs

; . . . GaN grown on
Semiconductor Figures of Merit (FOMs) Normalized to GaAs | GaAs | - -
Sapphire | SiC
Capability to energize carriers (Johnson’s JF = (Ecg Vsar/T)) 1 100
Thermal power handling with native substrate (Shenai's QF1=1s)) | 1 22
Thermal power handling with hetero substrate (QFS=\,5,) 1 5 l 76

as the device. However, this is not the case for IlI-V nitride
technology, which is being developed on sapphire and SiC
substrates with thermal conductivity of 0.3 and 4.5 W/cm/K,
respectively versus 1.3 W/cm/K for GaN. An extended defini- a)
tion of Shenai’s figure-of-meritQFS = Asugo, is proposed

to evaluate the power handling in GaN-based devices by taking
into account the thermal conductivity of the substrate material.
While a power-handling improvement of 22 (when compared
with GaAs) is predicted by QF1 for GaN-based technology,
QFS shows that, in the case where GaN-based devices are
grown on sapphire, the possible improvement is limited to five
times.

The AlGaN/GaN devices studied in this paper consisted of
an Aly3Ga, 7N 50-A-thick donor layer followed by 30-A-thick 104
Alg3Ga 7N spacer, and a 5000-A-thick GaN channel. An
unintentionally doped 250-A-thick AkGay N cap was used -7 -6 5. -4 -3 2
for improved contact characteristics, while a GaN thick buffer
was employed for improved quality of the materials, which b)
were grown on sapphire substrates. RF-assisted MBE was
used for growth_ The |ayer growth and fabrication detaiﬁ'g. 1. (a)ID—X/},$. (b) Transfer characteristics of AlIGaN/GaN MODFET
of 0.25um-long gate MODFETs on such layers have bedf" 200#m gatewidth.
reported elsewhere [9]. Power devices with two, four, eight,
and ten 10Q:m-wide gate fingers (maximum width of 1 mm)that f7 and fyax were maximum forVas between—4 and
and a drain—source spacing of;@n have been investigated.—6 V (Vps = 15 V). fr and fyax sSlowly increased with
The thermal effects were reduced by employing;80-thick drain—source voltage fdipbs > 5 V whenVag was fixed at
Au-plated heat sinks. —5 V. fr was 27 GHz for most devices, whilgsx varied

from 45 to 70 GHz.

Small-signalS-parameters were also used to extract equiva-
lent-circuit elements under optimal biasing conditiohsd =
15V and Vs = —5 V). The values of equivalent-circuit ele-

Typical Ip—Vpg and transfer characteristics of AlIGaN/GaNnents obtained by circuit optimization in microwave simulator
MODFETs are shown in Fig. 1(a) and (b) for a devices withibra are listed in Table Il. The contact resistance of 9.5
200+.m gatewidth. The maximum drain current shown for thesam obtained from transmission-line matrix (TLM) measure-
devices was 500 mA/mm, while their transconductaigg) ments[10] was in agreement with the high-frequency source and
was 100 mS/mmyg,, reached maximum fo¥cs = —5 V drain resistanceHp and Rs) obtained by fitting theS-param-
(Vps = 7 V), while both thel, andg,, remained generally eter data. The extrinsic RF transconductance demonstrated no-
unchanged fob’ps between 9 and 25 V wheWys was—5 V.  table scaling with the gatewidtl,{, ~ 100 mS/mm) and agreed
Current-compliance limitation of the semiconductor-parametesll with the transconductance extracted from dc measurements
analyzer used for obtaining these data did not allow applicatiasross a wide range of gate—source voltages, as shown in Fig. 3.
of gate voltages larger than2 V. The device pinchoff voltage Although the exact features of the devices at intermediate fre-
was—8 V. Theon-state drain—source breakdown was found tquencies are not known at this stage, the agreement between
be higher than 50 V, while drain current saturation occurred thie dc and RF values of transconductance suggest the pres-
knee voltagd V), as shown in Fig. 1(a). ence of limited frequency dispersion under small-signal exci-

Small-signalS-parameters of AIGaN/GaN MODFETSs withtation. g,,, dispersion with frequency is usually associated with
varying gatewidths were measured between 0.5-25.5 GHz. The presence of traps in the channel or at the channel-barrier
current—gain cutoff frequencffr) and maximum oscillation interface, as shown in previous reports on other types of het-
frequency( fuax) extrapolated from thé&-parameters for dif- erostructure FETs [11]. The variations in the time response of
ferent bias conditions are shown in Fig. 2. This figure showsaps cause may cause transconductance values under RF exci-
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Fig. 4. Dependence of gain, output power, and PAE on gate bias of

TABLE 1 AlGaN/GaN MODFET with 1-mm gatewidth.
HIGH-FREQUENCY SMALL -SIGNAL EQUIVALENT-CIRCUIT PARAMETERS OF
MODFETS(Vps = 15 V AND Vgs = —5 V)
— 2 | Cul Col G | Ry | R 1 120, 540, an_d 440 f_F/mm, respect_ively. This_, good s_cala_\bility of
[ma] | [mS] | [fF] | UF] | [fF) | (@ | [ | Ips]  the devices is very important for circuit-design applications.

200 36 19 | 106 | 25 95 | 1095 | 10 17

400 52 35 | 220 | 47 187 | 391 7 24 IV. BIAS DEPENDENCE OFLARGE-SIGNAL CHARACTERISTICS

800 | 130 | 8 | 42 | 12 ) 297 | 136 | 17 | 19 An automatic on-wafer load—pull system with electro-

mechanical tuners has been employed to obfapyr-Fin

characteristics of GaN-based MODFETs at 8 GHz. Both
tation, which are smaller than under dc conditions. The excaburce and load tuners were positioned to obtain best matching
lent agreement of dc and high-frequency extracted transcondane, therefore, maximum gain at an input power level corre-
tance values observed in this paper supports the fact that thgsending to~1-dB gain compression. The bias dependence
AlGaN/GaN layers grown by RF-assisted MBE allow realizasf output power, power-added efficiency (PAE), and gain was
tion of devices with minimum small-signal dispersion effectsnvestigated first as a function of gate bias for fixed drain bias
as discussed more extensively in Section VI. Characteristicsigfs = 21 V. Devices with 1-mm gatewidth demonstrated
this type are of prime importance in obtaining good high-franaximum output power (30 dBm), PAE (28%), and gain
guency and power performance from GaN FETs. These featu(@g.6 dB) when the gate bias was set+d V, as shown
are in contrast with observations by others on MOCVD-growin Fig. 4. Limitations imposed by current handling of the
GaN-based devices [12], [13]. microwave probes and bias tees used in characterization did

It was also observed that the output drain—source capacitance allow reducing the gate bigslzs|) below 6 V as this led

Chps, the input gate—source capacitari¢gs, and the feedback to drain current in excess of 500 mA. The maximum output
drain—source capacitand@czp also scale linearly with the power and large-signal performance is, therefore, expected to
gatewidth. The values af'¢p, Cas, andCps capacitance are be higher than described by the results of Fig. 4.
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The dependence of output power, PAE, and gain of 1-mm gate TABLE I

devices on the drain bias was also investigated, and is showPPWER SATURATION CHARACTERISTICS OFAIGaN/GaN ROWER MODFETS FOR
Fig. 5. For these tests, the gate bias was kept constarf &t VARIOUS GATEWIDTHS

Maximum PAE (32%) was obtained for drain bias of 15V, while ) o Twr] 7 omz
maximum output (30 dBm) occurred at 18 V. Thermal effects um | Ve[V? b lA/mm) Vo V] Gain ldBY (qpy | aBm] | (Wimm] | 1961

are suggested as a cause for reduced efficiency and output pov zee is 170 | 45 | 159 | 08 | 225 | 089 | 303
at drain bias exceeding 18 V. 400 12 222 -4.5 17.4 3.2 26.0 1.00 28.9
800 12 186 -5.0 15.9 10.3 28.5 0.87 31.5
1000 18 168 -6.75 17.6 7.3 29.9 0.99 28.1

V. GATEWIDTH DEPENDENCE OFLARGE-SIGNAL
CHARACTERISTICS

The dependence of power performance on the gatewidth 35 E ;
was investigated using AlIGaN/GaN MODFETSs with two, four, Maximum
eight, and ten 10Q:m-wide gate fingers. All devices were % output power
first biased for maximum gain at an input power level corre- 25 . ’
sponding to~1-dB gain compression and load terminations o ? ;

. . . L. Bo0—F > Output power at 1-dB
corresponding to small-signal matching conditions. The source 5 gain compression
and load tuners were then adjusted to improve matching and £15
maximize the gain. o -

Pour—Pn characteristics of devices with different 10 /ﬁ
gatewidths are shown in Fi.g. 6..Biasing condit!ons, gain, 5 o’ Inputpower;\t1-dB
output power, and PAE are listed in Table Ill. Typical power | | gain compression
gain of ~17 dB and output power density ef1 W/mm % 400 600 800 1000 1200
were obtained for devices with 200-10pén gatewidths at 8 Gate Width [pm]

GHz. -The Iarg-eSt output power Of-29'9 dBm (1 W/m-m) Witrl]:i 7. Scalability of AlIGaN/GaN MODFET power characteristics shown
assoc!ated gain of 4 dB was obtained for devices with 1'm|5§?'the' dependence of output and input power at 1-dB gain compression on
gatewidth. gatewidth.

The scalability of AIGaN/GaN MODFET power character-
istics is illustrated in Fig. 7. Devices with wider gates showed
delayed onset of gain compression, as demonstrated by higher
input power at 1-dB gain compressifin qp for gatewidthsup  Constant output powgfPoyT) and constant PAE contours
to 800m. When the width is increased from 200 to 80®, of AlIGaN/GaN MODFETSs were evaluated using the load—pull
Pin_14B IS increased from-1 to 10 dBm, Poyriap iS in-  system and allowed to obtain loading conditions for maximum
creased from 20 to 25 dBm, afthyTnax IS increased from output power as necessary for circuit design. The contours of
23 to 30 dBm. The output power densityl W/mm), PAE AlGaN/GaN MODFET with 800=m gate under high-input
(~30%), and gain 417 dB) remained constanEixi1qs and power conditions Py = 22 dBm) are shown in Fig. 8. The
Pourias showed a small decrease in 1-mm devices compareghtours were found to remain circular up to power levels
with 800-um MODFETSs. This is probably caused by the limitacorresponding to severe gain compressieri@ dB). More-
tions in current handling described earlier, which did not alloaver, when the load impedance was positioned for maximum
operation of the 1-mm devices at their maximum power c&o = 28 dBm, the value of (30%) was close to its maximum
pacity. value of 32%, and the two optimal loads were located near each
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Fig. 11. Dependence of self-biased drain current on input power measured
during power saturation measurements of AIGaN/GaN MODFETs with various
gatewidths.

in Fig. 9 with circles. When the gatewidth is increased from
Fig. 9. Dependence of small- and large-signal output impedance 200 xm to 1 mm, the optimal load moved as expected along
AlGaN/GaN MODFETs on gatewidths. a line corresponding to increased output capacitance and de-
creased output resistance.
It was observed that not only the small-signal, but also
other on the Smith chart. This positive feature does ng}e Ia_rge-sign_al output capa_c_itan_ce scal_e linearly: with _the
Q&tewdth. This good scalability is very important for cir-

necessarily occur in all devices and suggests a possibilityCu|t desian applications. Moreover. the larae-sianal outout
Class-A/AB power-amplifier realization without a considerablé gn app ' ' ge-sig P

tradeoff between output power and PAE. Studies of the Othcea}pacngnce and resistance were n .good agreement with the
T : . . mall-signal values extracted by fitting t8-parameters, as
classes of operation including harmonic tuning are beyond t}é

scope of work reported in this paper flown in Fig. 10.
P P paper. It is also important to note that the AlGaN/GaN MODFETs

of this paper demonstrated the same value of transconductance
gm = 100 mS/mm, both at dc and RF, which suggests the ab-
sence of undesirable frequency dispersion effects. As mentioned
Source—pull and load—pull techniques were used to detearlier, this impacts positively the high frequency and power
mine the large-signal output impedance of the AlGaN/Gaperformance. To validate this prediction, the output power den-
MODFETs. The output impedance of the devices was detaity obtained during load—pull characterization (Rbyt) was
mined by the position of the complex conjugate of the omompared with the output power density predicted from dc mea-
timal load on the Smith Chart. The dependence of the opdrements (D@ouT).
timal loads under large-signal conditions on the gatewidth isThe maximum allowed voltag&irax and currentiyax
shown with squares in Fig. 9. They are in good agreemeswings considered for this purpose were based on the biasing
with the positions of optimal loads under small-signal corconditions used for evaluation of the reported power charac-
ditions calculated from small-signaf-parameters, indicated teristics: Viiax = 2 x Vps — Vi, whereVps and Vi are the

VI. CORRELATION BETWEEN DC, RF,AND POWER
CHARACTERISTICS
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TABLE IV
COMPARISON OFDC PREDICTED AND RF MEASURED OUTPUT POWER
DENSITY OF AlIGaN/GaN MOoDFETS

1699

MODFETs grown on sapphire, indicating the high potential
of GaN-based technology for power applications. Good

correlation is demonstrated between dc, RF, and power

Width [pm] | Vo VI | I, [A/mm] | RE-P, [W/mm] | DC-P,,, [W/mm] RF'PW[{%'):]’C'PM
200 15 170 0.89 0.97 91
400 12 222 1.00 0.94 105
800 12 186 0.87 0.79 109
1000 18 168 0.99 1.16 85
(1]
drain—source bias and the knee voltage of the MODFET, re-[Z]

spectfully, andlyiax = 2 x Ip, wherelp is the value of the
drain current under large-signal excitation obtained during RF
power measurements. The use of a large-signal experimentdf!
value of I, for representing the amplitude of the RF swing
is justified by the dependence ¢y on Vis (see Fig. 4).
Pyt is decreased for larger negatiVes indicating that the
RF swing of I, is affected by the biasing conditions. The 5
experimental value of, is, therefore, a better choice than

a value ofIpgg based on extraction from dc measurements (6]
only.

The dependence df, on Py for AlGaN/GaN MODFETs
with various gatewidths is shown in Fig. 11. The biasing con-
ditions at low Py varied between 150 mA/mm (Class AB) for
0.2 mm, 230 mA/mm (Class A) for 0.4 mm, and 75 mA/mm
(Class B) for a 1-mm MODFET, respectively. When the input [l
power is increasedy, increases towarfl,ss /2, as expected for
devices biased in Classes AB and B, while it remains constarito]
for the device in Class A. The decreaselgf at high power
levels is attributed to thermal effects since the input power levef 4
where thermal effects become dominant (see Fig. 11) scales
with the device area.

These conditions allowed calculation of d€oyt
Iyax X Viuax/8. The results of the comparison are presented
in Table IV. The values of the RF output power density arell]
very close to the dc output power density. The results show an
exceptionally good correlation of AlGaN/GaN MODFET dc,
RF, and power characteristics, and demonstrate their excellent
potential for power applications.

(4]

(7]
(8]

(12]

VII. CONCLUSIONS

Overall, AlGaN/GaN power MODFETs with gatewidths
up to 1 mm have been characterized using an autome
load—pull system. High output power (29.9 dBm) wit
high PAE (32%) was obtained from discrete devices wif
1-mm gatewidth. The optimal loads for output power a

characteristics as desired for circuit design applications and
optimum performance of microwave power devices.
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