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GaN Microwave Electronics
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Abstract—In this paper, recent progress of AlGaN/GaN-based Il. EPITAXIAL -MATERIALS DESIGN AND PROPERTIES

power high-electron-mobility transistors (HEMT’s) is reviewed. Mi devi in the GaN-b d t fl
Remarkable improvement in performances was obtained through Icfowave devices In the SaN-DASEN SySiem are presently

adoption of high Al contents in the AlGaN layer. The mobility in based on designs developed in the conventional llI-V semi-
these modulation-doped structures is about 1200 cmV ~'-s7'  conductors, namely the MESFET, heterostructure MESFET,
at 300 K with sheet densities of over x 10'” cm™?. The current  and high-electron-mobility transistor (HEMT) or MODFET.
foenzsé%’ v O;tervilﬁe/gml]pwg g;‘t’%—g;a'ﬂat\’/fabkg;‘]’v %gg;?gfgtlé%_ The materials occur in either hexagonal or cubic forms, with
Continuous wave (CW) power densities greater than 3 W/mm the former being stable and the latter meta-stable. Hexago-
at 18 GHz have been achieved. nal crystals are grown on sapphire or 6H/4H SiC, whereas
the cubic forms are grown on polar cubic materials such
as GaAs. The work on microwave transistors has currently
been confined to hexagonal materials. The epitaxial materi-
. INTRODUCTION als are grown either by molecular-beam epitaxy (MBE) or
HE NEED for high-power solid-state amplifiers has exmetal-organic—chemical-vapor deposition (MOCVD). Of the
ploded with the development of wireless communicgrossible device structures, the GaN MESFET, though simple
tions. Requirements include attributes of ultrahigh powelQ grow and process, does not afford the full advantage of
high efficiency, linearity, manufacturability, and ultimatelyfhe material, as the effective Schottky-barrier height to doped
low cost. Though the relative importance of each of thesgaN is relatively low &1 V) and, hence, is not preferred in
features is application specific, it is clear that current technticipated high-voltage applications. AlGaN/GaN structures
nologies fall short of satisfying a majority of the needsre attractive as both a high-mobility and high-carrier density,
simultaneously. Furthermore, market needs are currently sfitrough a two-dimensional electron gas (2-DEG), are gener-
isfied with a multitude of technologies, including siliconated, and a high Schottky-barrier height to AIGaN is afforded.
and Ill-V-based solid-state solutions and the ever-advancitgs for this reason that most advances have been based on Al-
and increasingly reliable vacuum tube solution. Therefore,GaN/GaN devices. Recent intensive research on AlGaN/GaN
new technology has to a large extent a difficult task, that 6fEMT’s has resulted in a steady increase in power density
providing a better solution, not a unique one. Wide-bandg#om 1.1 W/mm at 2 GHz [2] to 1.5-1.57 W/mm at 4 GHz [3],
semiconductors promise the potential of a single technology] and 1.7 W/mm at 10 GHz [5]. These devices utilized Al-
which either aids conventional implementations or creat€smaN layers with Al mole fractions of 15%—-17.5%, as the best
affordable new configurations. In particular, the GaN-bas@dDEG mobility is generally achieved with an Al mole fraction
family of semiconductors is attractive, as it has technologicat approximately 15%. Little had been done to investigate the
and cost advantages over competing semiconductors (€i@pact of a higher Al mole fraction on power performance.
SiC). Firstly, GaN possesses attractive electronic materiala higher Al mole fraction results in a higher bandgap of
properties such as a large bandgap (3.4 eV), high breakdoifg AlGaN and, hence, a much higher composite breakdown
field (3 x 10° V . cm™!), the existence of modulation-field than the already wide-bandgap GaN. Also, the resultant
doped AlGaN/GaN structures with attendant high electrqarger conduction-band discontinuith\§.) improves carrier
mobility (1500 cni - V= - s71) and extremely high peak confinement, allowing a high mobility to coexist with a large
(3 x 10" cm - s7!) and saturation (3x 107 cm - s7Y) [1]. carrier density. In addition to the conventional increase in
Secondly, it has the technology development costs amortizgdic in the AlGaN system with increasing Al content, an
over several large electronic and opto-electronic applicatiogggitional benefit exists in the hexagonal-based materials in
and, therefore, could potentially be a low-cost solution. lh4t the positive piezo-electric charge induced in the AlGaN at
this paper, we will summarize the technology developmefs interface enhances the confining field, allowing increased
and status of GaN-based microwave/millimeter-wave POWEarge confinement. The saturation velocity, related to
devices. the carriers in the GaN channel, remains high, with little
Manuscript received November 11, 1997; revised March 4, 1998. This wodependence on the AlGaN layer. Finally, as mentioned earlier,
was supported in part by Dr. K. Sleger, under ONR MURI, and Dr. G. Witta higher Schottky gate barrier resulting from a higher Al
under AFOSR. pntent will more effectively suppress thermionic gate leakage
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Fig. 1. 2-D gas mobility as a function temperature for various Al compo-
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The epi-films under study were grown @fplane sapphire g
substrates by MOCVD and had the same layer structure: a g 6004 - i
200-A GaN nucleation layer, 2an insulating GaN (i-GaN) ~, 400 A s — ]
and a 200A AlGaN donor-barrier layer. The AlGaN layer =
consisted of a 3@ unintentionally doped (UID) spacer, a 150- 200
A Si-doped region, and a 2R-UID cap. The Al mole fractions 0 SO
of the AlGaN were chosen as 15%, 25%, 35%, and 50%. 0.0 20 40 6.0 8.0
Theoretically, a higher Al content leads to a largeE, and Vo V)
allows a higher 2-DEG density. Experimentally, the highest (b)

sheet densities achieved werex80'2 cm=2, 1 x 10'* cm™2,  gig 2 pCr-v characteristics of AGaN/GaN HEMT's with 25% and 50%
1.2 x 102 cm™2, and 1.2x 10 cm~2, respectively. The Al mole fractions.

inability to increase carrier density with 4, greater than 35%

is attributed to the reduced doping efficiency by Si.

Mobilities as a function of temperature are shown in Fig. 1. VS0V div) |
Each measured-sheet carrier density was essentially constan (r-—_"""
through out the temperature range of 20-320 K. The low- el é:
temperature (20 K) mobility does reduce with increasing Al T‘ i IR =] Wi = |
content, which may be due to either the interface—roughness ’ SIS F: -
scattering enhanced by the higher piezo electric charge density. m‘f" I pmtedrain v =
or the enhanced remote alloy scattering. The 300-K mobilities, =t flede _E:“ .
however, are nearly the same, indicating that phonon scattering — — Bl

is dominant. For devices operating at room temperature and &= |
above, a high Al content up to 50% should introduce little
increase in channel resistance.
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ll. DEVICE PERFORMANCE siep: -F ¥
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Devices were fabricated on epi-films with Al contents of
25% and 50%. The fabrication process was a conventional
mesa isolated process with chlorine reactive-ion etching (RIE)
used for mesa definition. Ti/Al/Ni/Au was used for ohmic V. (20Vidiv) 200w
contact formation and Ni/Au for the gate metal. Transfer -
ohmic contact resistances were measured as 0.5 afid 1 Fig. 3. High-voltage characteristics of angAJGay sN/GaN HEMT (gate
mm, respectively. The higher contact resistance for the lattg#9th= 0.7 xm, gate—drain spacing: 3 y:m).

Alg 5Gay sN/GaN HEMT is attributed to the high Al composi-

tion of the layer. The corresponding gate lengths of the devices

were 0.9 and 0.7:m, both obtained by optical lithography.peak of 700 mA/mm. The on resistance was also reduced to
Fig. 2 shows the outpuf—V' characteristics of both devices. 3 {2-mm, resulting in a knee voltage of only 5 V for such a high

With the higher charge density of 4 103 cm~2 compared current density. The much larger peak transconductance of
to the 5~ 7 x 102 cm~2 value for the A} 15Gay.g;N/GaN 255 mS/mm than the previous 160 mS/mm is attributed to both
devices [4], the A}.25Ga.75N/GaN HEMT exhibited a largely the thinner AlGaN layer and the reduced access resistances.
increased current density of 1000 mA/mm from the previoukhe Aly ;Gay ;N/GaN HEMT mildly suffered from the poor
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Fig. 4. Microwave power performance of the &a; _,.N/GaN HEMT's by optical lithography. (aXa; = 25%, f = 4 GHz. (b) X, = 50%, f = 4
GHz. (c) Xa1 = 50%, f = 10 GHz. Device width: 100pm.

ohmic contact resistance. Nevertheless, with a charge densitontinuous wave (CW) microwave power performance
of 1.2 x 10*2 cm~2, it demonstrated a current density of 105@vas characterized un-cooled on the sapphire substrate with a
mA/mm. The knee voltage is 6 V and transconductance 2R&Mury load—pull system. As seen in Fig. 4(a), at 4 GHz, the
mS/mm. Alg.25Gay 75N/GaN HEMT’s exhibited moderately improved
Despite the much higher charge density over the previoastput power density and power-added efficiency (PAE) of
Alg.15Gay ssN/GaN devices [4], the Al:;Gay7sN/GaN 1.9 W/mm and 24%, respectively, from the previous values of
HEMT's showed similar gate—drain breakdown voltages.57 W/mm and 20% [4]. In contrast, the AIGa ;N/GaN
around 100, 160, and 220 V for gate—drain separations adgvices produced a largely enhanced power density of 2.7
1, 2, and 3um, respectively. The corresponding values for th&//mm with a PAE of 28% and a large-signal gain of 11.2
Aly 5Ga sN/GaN devices were generally 20% higher. Fig. 8B [Fig. 4 (b)]. Fig. 4(c) is the measurement result of an
is the high-voltagd—V characteristics of an fl;Gay sN/GaN Alg ;Ga ;N/GaN HEMT at 10 GHz, showing a power density
HEMT with a gate—drain spacing of Zm, showing a of 2.57 W/mm with a PAE and a large-signal gain of 21%
gate—drain breakdown-284 V and a three-terminal voltageand 5.1 dB, respectively. At 8 GHz, the corresponding values
>200 V before punching through. These voltages and theere 2.84 W/mm, 23% and 6.6 dB.
current density of 1 A/mm correspond to an ultrahigk The CW power density of 2.57-2.84 W/mm up Xo-band
product per unit width of /iyax Vinax) > 200 VA/mm. While a  is a remarkable improvement over previous GaN-based FET'’s
maximum power density qff,.x Vinax)/8 = 25 W/mmis cal- in literature. An important observation is that the current of
culated, further work needs to be done to verify this potentidhe Al .;Gay 75N/GaN HEMT’s degraded much more than
Small-signal RF measurements yielded current—gain atigk Aly.;Gay sN/GaN devices after the high-power stress up
power—gain cutoff frequencieg,(and f,,,,) of 15 and 35 GHz to 8.5 W/mm, which may be related to the interaction between
for the 0.9um gate-length AJ 25Gay 75N/GaN devices, 17.5 the gate—metal and AlGaN layer. The result will be discussed
and 44 GHz for the 0.7#n gate-length AJ.;Gay sN/GaN in a later publication. Fig. 5 summaries the best power results
devices, respectively. Corresponding intringjts of 17.2 and measured un-cooled on sapphire substrates for various Al mole
21.8 GHz were extracted from th&-parameters, translatingfractions. The power density monotonically increases with
to intrinsic f; gate-length products of 15.5 and 15.3-Gkin, X4, supporting the benefit of using higher Al contents.
considerably improved from the previous value of 11-Gkia To take the advantage of a higher electron velocity, short
[4]. gate-length A ;Gay ;N/GaN devices were also fabricated.
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The gate definition was by electron-beam lithography with Rg. 8. Power performance of a 0.28n gate-length Al 5Gay.5N/GaN
routine T-gate technology. The gate length was 0.25-Q/28 HEMT at 18 GHz (device dimension: 0.26mx 76 xm).

while the gate—source and gate—drain separations were 0.6

and 0.75um, respectively. Ohmic contact resistance was

measured as 0.9 - mm, confirming previous result that the(511). Fig. 8 shows the measurement result at 18 GHz for
contact resistance of the AlGa sN/GaN HEMT's is higher @ device with a gatewidth of 76m, biased in class-AB mode
than the 0.5 - mm value generally achieved with lowerWith a drain voltage of 21 V and a quiescent drain current of
Al-content devices. Fig. 6 is the outpdt-V characteristics 190 mA/mm (which was self-adjusted to 380 mA/mm at the
showing a high-saturation current density of 1130 mA/mdaximum input drive). The small-signal linear gain~&.5
and a maximum extrinsic transconductance of 240 mS/mfB. The peak output power is 23.65 dBm, which is normalized
Both specifications are better than the @m- gate-length to a power density of 3.05 W/mm. The corresponding large-
devices due to the shorter channel (which results in a chanfiginal gain, PAE, and drain efficiency (DE) are 3.1 dB, 19.2%,
velocity closer to saturation). The on-resistance is 2285nm and 38%, respectively. Many devices with gatewidth of 76
where the source resistance accounts for abouf22.8m. and 100um showed output power densities above 3 W/mm,
The gate—drain breakdown voltage is around 80 V. SmaWhile the highest measured was 3.3 W/mm with a large-signal
signal microwave characterization performed on devices wigiain, PAE, and DE of 2.4 dB, 18.2%, and 42.7%, respectively.
100:m gatewidth yieldedf; and fy.. of 52 and 82 GHz, Such CW power densities are three times as high as generally
respectively, as shown in Fig. 7. THerepresents the highestachieved with GaAs MESFET'’s and are two times as high as
reported to date for a GaN-channel FET, while the reldhose for the AlGaN/GaN devices with lower Al-contents of
tively low fi.x/f: ratio is related to the high ohmic contactl5%-17% [3]-[5]. Compared with recent 4H SiC MESFET's
resistance. An active load—pull system was used for CWith similar power densities at 10 GHz under pulsed condition
power measurements. The output tuning was performed on {Ag the Aly ;Gay ;N/GaN HEMT's showed a higher operation
fundamental frequency only. The input of the device was nfiequency.

tuned and was connected to the microwave source with@ 50- The effect of device width on power performance was also
line. The actual input power was calculated with the availabievestigated at 8 GHz, as shown in Fig. 9. It is seen that
input power and the measured input reflection coefficieatthough output power increases with increasing gatewidth,
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breakdown field strength in the highly doped two-dimensional
HEMT structure approaching that predicted in undoped one-
dimensional GaN, what is the electron transport physics in the
HEMT and what is the best manner in which to thermally man-
age the device, are just a few of the questions. Nevertheless,
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] . v a material system that demonstrates the high-power capability
15 ] Ta powerDensiy of >3 W/mm at 18 GHz in a comparatively immature stage
1 ) //, deserves the attention to answer the questions.
1 e B ACKNOWLEDGMENT
01 —————t— .
0 200 400 600 The authors would like to thank C. Nguyen, N. Nguyen, M.
Device Width (um) Le, D. Grider, and P. Greiling of the Hughes Research Labo-

Fa o p densi § | it ratories, Malibu, CA, and Prof. R. J. Trew, U.S. Department
1g. 9. ower density and total output power versus gatewidt or t H
0.25um gate-length Al 5Gay 5sN/GaN HEMT'’s at 8 GHz. Qﬁ Defense, Arlington, VA.

REFERENCES
100 5

.2-pum gate InGaAs HEMT
| !
.3-um gate InP HEMT

[1] B. Gelmont, K. Kim, and M. Shur, “Monte Carlo simulation of elec-
tron transport in gallium nitride,"d. Appl. Phys.vol. 74, no. 3, pp.
1818-1821, Aug. 1, 1993.

[2] Y.-F. Wu, B. P. Keller, S. Keller, D. Kapolnek, S. P. Denbaars, and U.

K. Mishra, “Measured microwave power performance of AlIGaN/GaN

MODFET's,” IEEE Electron Device Lettyol. 17, pp. 455-457, Sept.

1996.

O. Akatas, Z. F. Fan, A. Botchkarev, S. N. Mohammad, M. Roth,

T. Jenkins, L. Kehias, and H. Morkoc, “Microwave performance of

AlGaN/GaN Inverted MODFET,1EEE Electron Device Lettyol. 18,

pp. 293-295, June 1997.

[4] Y.-F. Wu, S. Keller, P. Kozodoy, B. P. Keller, P. Parikh, D. Kapolnek,
S. P. Denbaars, and U. K. Mishra, “Bias dependent microwave perfor-
mance of AlIGaN/GaN MODFET's up to 100 VIEEE Electron Device

. . . . . Lett., vol. 18, pp. 290-292, June 1997.

Fig. 10. Current gain cutoff frequencies versus drain bias for ans] Y.-F. Wu, B. P. Keller, S. Keller, N. X. Nguyen, M. Le, C. Nguyen, T. J.

Aly.5Gay sN/GaN HEMT (gate biasV,s = —3 V) as compared with Jenkins, L. T. Kehias, S. P. Denbaars, and U. K. Mishra, “Short channel

GalnAs and InP channel HEMT's with similar gate lengths [7], [8]. AlGaN/GaN MODFET’s with 50-GHz T and 1.7-W/mm output-power

at 10 GHz,” IEEE Electron Device Lettyol. 18, pp. 438-440, Sept.

1997.

70 3 \ }

60 3 \ 0.25-um gate GaN HEMT
E Ml ]
40 e

(3]

10 15 20

Vds (V)

the power density actually reduces. This is attributed to morg]
severe self-heating for larger devices. Nevertheless, a total
output power of 1 W is obtained at-band with a 500:m-
wide device. [71
Finally, as a reason explaining the superior power capability
at high frequencies for the GaN-channel devices, a compelling;
comparison, as shown in Fig. 10, is presented between the
drain-bias dependence of AlGaN/GaN HEMT’s versus con-
ventional InGaAs- and InP-based HEMT's [7], [8]. As power|g]
applications require that the bias be high, it is necessary that
the RF figures of merit remain high at large biases. It is
clear that thefr’'s of the conventional devices collapse at

increased drain bias because of the drain delay in the extended

depletion region, whereagr is maintained high in the GaN
system. Though not fully understood, this suggests that the
high saturation velocity of electrons in GaN may be mitigating

the drain delay.

S. Sriram, T. J. Smith, L. B. Rowland, A. A. Burk, Jr., G. Augustine,
V. Balakrishna, H. M. Hobgood, and C. D. Brandt, “High power
operation of 4H-SiC MESFET's at 10 GHz,” Bbth Device Res. Conf.,
Boulder, CO, June 23-25, 1997.

N. Moll, M. R. Heuschen, and A. Fischer-Colbrie, “Pulse-doped Al-
GaAs/InGaAs pseudomorphic MODFET'JEEE Trans. Electron De-
vices,vol. 35, pp. 879-886, July 1988.

O. Aina, M. Burgess, M. Mattingly, A. Meerschaert, J. M. O’Connor,
M. Tong, A. Ketterson, and |. Adesida, “A 1.45-W/mm, 30-GHz
InP-channel power HEMT,IEEE Electron Device Lettyol. 13, pp.
300-302, May 1992.

Y.-F. Wu, B. P. Keller, P. Fini, J. Pusl, M. Le, N. X. Nguyen, C.
Nguyen, D. Widman, S. Keller, S. P. Denbaars, and U. K. Mishra,
“Short-channel Al0.5Ga0.5N/GaN MODFET’s with power densit
W/mm at 18 GHz,”Electron. Lett.,vol. 33, no. 20, pp. 1742-1743,
Sept. 25, 1997.

Umesh K. Mishra (S'80-M'83-SM'90—F'95) received the Ph.D. degree from
Cornell University, Ithaca, NY, in 1984.

He has worked in various laboratory and academic institutions, including

Hughes Research Laboratories, Malibu, CA, University of Michigan at Ann
_ Arbor, and General Electric, Syracuse, NY, where he has made major
Remarkable progress of both the AlGaN/GaN materiatentributions to the development of AllnAs-GalnAs HEMT's and HBT's.

quality and device performance has been achieved. Within |&tsis currently a Professor in the Department of Electrical and Computer

th i th d itv h b . d f Engineering, University of California at Santa Barbara. His current research
an two years, the power density has been Improved Qfthresis are in oxide based I11-V electronics and I1I-V nitride electronics and

1.1 W/mm at 2 GHz [2] to over 3 W/mm at 18 GHz [9]. Aopto-electronics. He has authored or co-authored over 120 papers in technical
total power of 1 W atX-band has also been demonstratedpurnals and conferences and holds 5 patents. :

H | fund tal issues are unresolved. W r. Mishra was the recipient of the Hyland Patent Award given by Hughes

! owever, several tTundaamen N R raft, and the Scientist of the Year Award presented at the International
is the nature of the GaN and AlGaN surface, why is th&mposium on GaAs and Related Compounds.

IV. CONCLUSIONS



MISHRA et al. GaN MICROWAVE ELECTRONICS 761

Yi-Feng Wu received the B.E. degree in engineering thermal-physics froBtacia Keller received the Diploma and Ph.D. degree in chemistry from the

Tsinghua University, Beijing, China, in 1985, and the M.S. degree in mechddniversity of Leipzig, Leipzig, Germany, in 1983 and 1986, respectively.

ical engineering, with emphasis in thermal science, and the Ph.D. degree, witiAs a Scientific Assistant, she continued her experimental and theoretical

emphasis in solid-state electronics, from the University of California at Santark in the field of epitaxial growth of GaAs- and InP-based semiconductors

Barbara, in 1994 and 1997, respectively. at the University of Leipzig. In 1994, she joined the Electrical and Computer
From 1985 to 1993, he was with the Gaungzhou Research Institute of N&mngineering Department, University of California at Santa Barbara. She has

ferrous Metals, Gaungzhou, China, where he was engaged in the developrpeibiished over 40 journal papers, 40 conference papers, and holds four patents.

of high-efficiency thermal systems. In 1995, he was began research on Gafr main research interests have been the crystal growth and characterization

based microwave transistors at the University of California at Santa Barbao&.group-1ll nitrides for electronic and opto-electronic applications.

He is currently a Device Researcher at WideGap Technology, Goleta, CA. He

has authored or co-authored over 20 technical journal articles and conference

presentations.

Steven P. DenBaarseceived the Ph.D. degree in electrical engineering from
the University of Southern California, Los Angeles, in 1988.
From 1988 to 1991, he was a Member of the technical staff in the Opo-

electroncis Division, Hewlett-Packard, where he was involved in the growth
Bernd P. Keller received the Diploma in chemistry and the Doctoral degregnd fabrication of visible LED’s. He is currently an Associate Professor of
from the University of Leipzig, Leipzig, Germany, in 1987 and 1992materials and electrical engineering at the University of California at Santa
respectively. i ) _Barbara. He has authored or co-authored over 75 technical publications, 60

In 1993, he joined the Department of Electrical and Computer Engineeringhnference presentation, and holds 10 patents. His current research interests

University of California at Santa Barbara, as an Associate Research Enginggs, in MOCVD of 1ll-V compound semiconductor materials and devices.
where he performed research in the growth of GaN and its alloys with indiugpecific research interests include growth of wide-bandgap semiconductors
and aluminum by MOCVD. He is currently with WideGap Technology(GaN-based), and their application to blue LED's, lasers, and high-power
Goleta, CA. He has authored or co-authored approximately 50 technig@ctronic devices.
journal articles and conference presentations. Dr. DenBaars received the NSF Young Investigator Award in 1994.



