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Power and Linearity Characteristics of Field-Plated
Recessed-Gate AlGaN—-GaN HEMTs

A. Chini, D. Buttari, R. Cofﬁe, L. Shen, S. Heikman, A. Chakraborty, S. Keller, and U. K. Mishra

Abstract—Record power density and high-efficiency operation
with AlIGaN-GaN high-electron mobility transistor (HEMT) de-
vices have been achieved by adopting a field-plated gate-recessed
structyre. Devices grown on SiC substrate yielded very high
power density (18.8 W/mni with 43% power-added efficiency
(PAE) as well as high efficiency (74% with 6 W/mm) under
single-tone continuous-wave testing at 4 Gliz. Devices also showed
excellent linearity characteristics when measured under two-tone
continuous-wave signals at 4 GHz. When biased in deep-class AB
(33 mA/mun, 3% I,,qx) device maintained a carrier to third-order
intermodulation ratio of 30 dBc up to a power level of 2.4 W/mm
with 53% PAE; increasing bias current to 66 mA/mm (6% I,nx)
allowed high linear operation (45 dBc) up to a power level of 1.4
W/mm with 38% PAE.

Index  Terms—GaN, high-clectron  mobility  transistors
(HEMTs), microwave power field-effect transistors (FETs).

I. INTRODUCTION

1GaN-GaN high-electron mobility transistors (HEMTs)

represent the most promising devices for microwave and
millimeter-wave power applications [1]. However, device per-
formance is known to be often limited by the “dc-to-RF dis-
persion” phenomena. Surface traps, acting as a “virtual gate”
in the gate—drain access region, prevent proper device opera-
tion, reducing the available current swing as well as degrading
the knee voltage [2]. A method proved effective in reducing the
dispersion phenomena is the introduction of a ficld-plated gate
structure. This method was successfully applied by Asano et al.
[3] on AlGaAs-GaAs HFETs, resulting in power densities as
high as 1.7 W/min at 1.5 GHz. Recently, Ando et al. [4] also
applied this technique to AIGaN-GaN HFETs showing a sig-
nificant improvement in device performance. Device linearity is
also another important factor in order to meet the requirements
of new generation communication systems. Previous work on
GaAs-pased HEMTs proposed increasing device trasconduc-
tance as a viable solution to improve device linearity [5]. The
advantages of increasing device trasconductance have also been
demonstrated for AIGaN-GaN HEMTs in [6]. In this letter, we
report record single-tone and two-tone continuous-wave perfor-
mance at 4 GHz of AIGaN-GaN HEMTs on SiC substrate, fab-
ricated by adopting both a field-plate structure and gate recess.
Uncooled devices yielded power densities up to 18.8 W/mm
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Fig. 1. Device cross section. After SiN plasma-cnhanced chemical vitpuor
deposition, a second gate is evaporated on the dielectric layer. acting as a licld
plate. The two gates are electrically shorted through the device pad and gate
feeders.

with 43% peak power-added efficiency (PAE), and efficiencies
up of 74% at 6 W/mm power density. When operated in deep
class AB (3% I,,.x), the device was capable of maintaining a
carrier to third-order intermodulation ratio (C/13) of 30 dBc up
to a power level of 2.4 W/mm with 53% PAE. Increasing bias

current to 6% 1,,,.« allowed highly linear operation (45 dBc), up
o a power level of 1.4 W/inm with 38% PAL.

I. DBVICE STRUCTURE

Device cross section is shown in Fig. 1. The devices tested
were grown by metal-oxide chemical vapor deposition on an
SiC substrate. The epitaxial growth began with a 200-A GaN
nucleation layer, followed by a 3-jum-thick insulating GaN layer
as a device bulfer, followed by a 290-A-thick Aly »,Gag 74N
barrier layer. Room-temnperature sheet electron concentra-
tion and electron mobility were n, ~ 0.84 x 10" ¢m=2 and
1t 1490 cm? / Vs, respectively. Device fabrication started with
ohmic contact formation. Ti—Al-Ni—Au (200/1500/375/500 &)
were evaporaled and annealed at 870 °C for 30 s in forming
gas. Device mesa isolation was then formed by Cl, reaclive
ion etching. Transmission-line matrix measurements showed
an average contact resistance of 2~ 0.25 Q/mm, and a sheet
resistance 7., = 450 §2/1]. Gate recess was formed following
the technique presented in | 7]. Gate contact was then formed by
evaporating Ni-Au-Ni (300/2500/500 A) self-aligned with the
gale recess. Etch depth was ~ 80 A. The next processing step
was a 200-nm SizNy passivation layer. The field plate was then
formed by evaporating a second gate on top of the passivation
layer. Field-plate metallization was Ni—Au—Ni (300/2500/500
A). Field-plate extensions, with respect (o the gate—drain edge,
are 0.7 pm toward the drain, and 0.4 o toward the source,
resulting in a L.1-pim total Tength, as shown in Fig. 1. Electrical
connection between the gate and ficld plate was formed through
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Fig. 2. Single-tone power measurement at 4 GHz. Bias point was Vps = 30
and Ips = 33 mA/mm. Saturated output power is 6.3 W/mm, while peak PAE
is 74%. Output power density at peak PAE is 6 W/mm.

the common path of gate pad and gate feeder in the extrinsic
device region. Gate width and length of the devices tested
were 2 X 75 pm, and 0.7 pum, respectively. Gate—source and
gate—drain spacings were 0.7 and 2 pm, respectively.

III. DEVICES MEASUREMENTS

Devices were first tested using dc measurements. When mea-
sured under a constant dc-bias devices showed a maximum drain
current level of approximately 1.1 A/m, peak trasconductance
was ~260 mS/mm, threshold voltage was ~ —2.9 V, while cat-
astrophic gate—drain breakdown occurred at approximately 150
V. At a drain bias of 25 V, small-signal measurements yielded
peak f; and fi,ax values of ~20 and ~50 GHz, respectively.

On-wafer RF power performance of uncooled devices were
then tested using single-tone continuous-wave signal at 4 GHz.
At a drain voltage of 30 V a maximum PAE of 74% with
6-W/mm power density was obtained (see Fig. 2). Saturated
output power was 6.3 W/mm. The device was biased in class AB
using a quiescent drain current of 33 mA/mm (3% I,,ax), while
device matching was optimized for maximum PAE. Load match
was ['y = 0.855 + j0.1 corresponding to the maximum |['z |
available with our tuning range (max |[['L} ~ 0.86). Source
matching point was I'g = 0.65 + j0.49 still within the available
tuning range of the system (max [['s| ~ 0.86). When matched
for best power performances (not shown), device yielded
approximately 8 W/mm with a PAE of ~50%. Device were
then measured at a drain bias of 90 V using a quiescent drain
current of 33 mA/mm. Due to the limited tuning range, best
power/PAE performances were obtained at I'z, = 0.855 + j0.1.
Source match-point was I's = 0.79 + j0.23, and had little
influence on device performance (Psat, PAE), except for
device power gain, that was maintained at a 13 dB value. Total
saturated output power was 18.8 W/mm, while peak PAE was
439,

The reduced PAE obtained is believed to be a consequence of
the limited tuning range rather than device knee walk out. De-
tails on knee walk-out will be addressed elsewhere, since they go
beyond the purpose of this letter. Moreover, we believe that op-
eration at 90 V was achieved under a reduced voltage swing due
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Fig.3. Single-tone power measurement at 4 GHz. Bias point was Vps = 90
and Ips = 33 mA/mm. Saturated output power is 18.8 W/mm, while peak PAE
is 43%.

to an imperfect load match. At this point some speculations are
needed in order to clarify device operation. Aithough a correct
calculation of the voltage—current swing during RF measure-
ments is difficult, some approximation can be made in order to
estimate the actual voltage swing. First, the load impedance has
to be calculated; in this case, I'y, = 0.855 + j0.1 corresponds
to a load impedance of

ZL=2p =~ (417 + 5322)2. €D
1-Tg
The equivalent parallel representation of this impedance is
Zrp = Riplli X1y =~ (666]7862)Q. 2)

Assuming that 1) the reactive component of the load compen-
sate the capacitive component at the device output and 2) all the
harmonics are presented with a short circuit [8], it can be easily
demonstrated that the RF signal will clip because of the max-
imum device current (I,,,ax). For the device tested, Ii,.x Was
165 mA (1.1 A/mm). At the onset of compression, the voltage
swing on Ry, is AV = Iy x Ry, ~ 110 V. Thus, the
maximum drain voltage reached during RF operation will be
90 V + AV/2 = 145 V. In the present case the harmonics were
not terminated. Assuming a simple resonant inductance-—capac-
jtance network on the output a value of ~142 V was obtained
by simulations. Both values are within the operating voltage of
the device.

Uncooled device linearity at 4 GHz was then tested on wafer
using two-tone continuous-wave signal, with a tone spacing
of 100 kHz. Tone amplitude was calibrated to be within a
0.1-dB difference. The carrier-to-third-order intermodulation
ratio (C/I13) was calculated using the larger intermodulation
product between the IM3-low and IM3-high products (i.e.,
worst case). However, the difference between IM3-low and
IM3-high was typically below 1 dBc across the swept range.
When biased at 30 V under deep-class AB condition (33
mA/mm), the device was capable of maintaining a C/13 level
of 30 dBc up to power level of 2.4 W/mm with 53% PAE [see
Fig. 4(a)]. Increasing the bias current to 66 mA/mm resulted
in better linearity characteristics, while maintaining a C/13
level of 45 dBc device yielded power level of 1.4 W/mm with
38% PAE [see Fig. 4(b)]. While load matching was equivalent
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Fig. 4. Two-tone linearity measurements carried out at 4 GHz, with 100 kHz
tope spacing. (a) Bias point was Vps = 30 V, Ins = 33 mA/mm. Device
maintains a C/13 level of 30 dBc while yielding 2.4 W/mm power density with
53% PAE. (b) Bias point was Vps = 30 V, Ips = 66 mA/mm. Device
maintains a C/13 level of 45 dBc while yielding 1.4-W/mm power density with
38% PAE.

to the single-tone measurements previously presented, source
matching was optimized in order to achieve best C/I3 versus
PAE performances (I's = 0.79 + ;0.23). Power gain was in
the 10-11 dB range.

IV. CoNcLUSION

In conclusion, power and linearity performance of
AlGaN-GaN HEMTs fabricated with a field-plated and

gate-recessed structure have been presented. Uncooled devices

on SiC substrates yielded PAEs up to 74% (6 W/mm) with
power densities up to 18.8 W/mm (43% PAE) under contin-
uous-wave single-tone testing at 4 GHz. Device linearity also
proved to be very promising: at C/I3 level of 30 dBc device
yielded 2.4 W/mm with 53% PAE when operated in deep class
AB (33 mA/mm). Increasing the quiescent drain current level
to 66 mA/mm allowed linear operation at 45 dBc up to 1.4
W/mm with an associated 38% PAE. These linearity results
are believed to be the best power/PAE combinations for linear
operation (30-45 dBc¢) at 4 GHz achieved to date.

REFERENCES

[1] U. K. Mishra, P. Parikh, and Y. Wu, “AlGaN-GaN HEMTs—an
overview of device operation and applications,” Proc. IEEE, vol, 90,
pp. 1022-1031, June 2002.

2] R. Vetury, N.-Q. Zhang, S. Keller, and U. K. Mishra, “The impact of
surface states on the DC and RF characteristics of AlGaN-GaN HFETs,”
IEEE Trans. Electron Devices, vol. 48, pp. 560-566, Mar. 2001 .

[3] K. Asano, Y. Miyoshi, K. Ishikura, Y. Nashimoto, M. Kuzuhara, and M.
Mizuta, “Novel high power AlGaAs-GaAs HFET with a field-modu-
lating plate operated at 35 V drain voltage,” in JEDM Tech. Dig., 1998,
pp. 59-62.

[4] Y. Ando, Y. Okamoto, H. Miyamoto, T. Nakayama, T. Inoue, and M.
Kuzuhara, “10-W/mm AlGaNGaN HFET with a field modulating
plate,” [EEE Electron Device Lett., vol. 24, pp. 289-291, May 2003.

[5] Y. Nakasha, M. Nagahara, Y. Tateno, H. Takahashi, T. Igarashi, K.
Joshin, J. Fukaja, and M. Takikawa, “A low-distortion high-efficiency
E-mode GaAs power fet based on a new method to improve device
linearity focused on g,,, value,” in IEDM Tech. Dig., Dec. 1999, pp.
405-408.

6] A. Chini, D. Buttari, R. Coffie, L. Shen, S. Heikman, S. Keller, and
U. K. Mishra. Effect of gate recessing on linearity characteristics of
AlGaN-GaN HEMTS <to be presented at>. presented at Proc. 2004 De-
vice Research Conf.

{7} D.Buuttari, A. Chini, G. Meneghesso, E. Zanoni, P. Chavarkar, R. Coffie,
N. Q. Zhang, S. Heikinan, L. Shen, H. Xing, C. Zheng, and U. K. Mishra,
“Systematic characterization of CI2 reactive ion etching for gate re-
cessing in AIGaN-GaN HEMTS,” IEEE Electron Device Lett., vol. 23,
pp. 118-120, Mar. 2002.

18] S. C. Cripps, RF Power Amplifiers for Wireless Communica-
tions. Norwood, MA: Artech House, 1999, pp. 50-51.



