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ABSTRACT

High electron mobility transistors (HEMTs)
employing both single and quadruple GaAs/A1GaAs
heterojunctions have been fabricated and tested
for power at 10 GHz. The multiple heterojunction
layer, with a two-dimensional e]ectron gas (2-DEG)
sheet carrier density of 3.2 x 102 offers a
significantly higher current capab111ty (as re-
quired for microwave power devices) than the con-
ventional structure where the 2-DEG density is
Timited to < 1012 ecm™2. HEMTs with gate dimen-
sions of 0.5 wm x 200 pm were mounted in X-band
FET packages for rf evaluation. The QHJ HEMTs
yielded a saturated power of 21 dBm (0.63 W/mm),
small signal gain of 14.5 dB, power added effi-
ciency of 39%, and third order IMD product of
-19 dBc at saturation. The corresponding figures
for the SHJ HEMTs were 18 dBm (0.32 W/mm), 15 dB,
43% and -14 dBc, respectively. These are the
highest power densities yet reported for a HEMT.

INTRODUCTION

High electron mobility transistors (HEMTs)
based on the GaAs/A1GaAs heterojunction have dem-
onstrated excellent Jow noise performance at sev-
eral laboratories.*”° However, the re]at1vely Tow
sheet carrier density in the 2-DEG, < 1012 em™2
and reports of low drain breakdown voltage 1n
these devices (< 5 V) have led many researchers to
expect poor power performance from HEMTs. Prelim-
inary investigations have proved this conjecture
wrong. In a recent publication,™ 0.25 um gate
Tength HEMTs were reported to have a saturated
power of 0.34 W/mm with an associated gain of 8 dB
at 15 GHz. In our studies at 10 GHz, a saturated
power of 0.64 W/mm with a small signal gain of
14.5 dB has been obtained from 0.5 um gate Tength,
quadruple heterojunction HEMTs (QHJ HEMTs). 1In
this paper, we present results on the power satu-
ration characteristics of these and single hetero-
junction devices (SHJ HEMTs) at 10 GHz.

The conventional HEMT structure (Fig. 1),
based on a single GaAs/A1GaAs heterojunction, 1s
limited to a sheet concentration of < 1012 ¢m™2 §
the 2-DEG. Further, the h1gh dop1ng dens1ty in
the ATGaAs Tayer (> 1 x 10%® cm™3) required for
maximizing charge transfer to the 2-DEG tends to
reduce the drain breakdown voltage in the SHJ HEMT
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structure. To increase the current capability of
HEMTs, structures with multiple hetero1nterfaces
can be used as proposed by Inoue et al® and Sheng
et al.® We have grown epitaxial layers with four
GaAs/A]GaAs heterojunctions having 2-DEGs (Fig.
1). The total 2-DEG sheet carrier density in this
layer is 3-3.25 x 10'2 cm™2. HEMTs with gate
dimensions of 0.5 pm x 200 pm were fabricated on
both single and quadruple heterojunction layers
and tested for power at 10 GHz, The QHJ HEMTs
yielded a saturated power of 21 dBm, small signal
gain of 14.5 dB, power added efficiency of 39%,
and third order IMD product at 1 dB gain compres-
sion of < -19 dBc. The corresponding figures for
SHJ HEMTs, were 18 dBm, 15 dB, 43% and -14 dBc,
respectively.

DEVICE FABRICATION

The epitaxial layers used for device fabrica-
tion were grown by molecular beam epitaxy (MBE) in
a Varian GEN-II machine. Layer structures are as
shown in Fig. 1, where the n~type reg1ons are Si-
doped to a concentration of 1 x 1018 Al
mole fraction is ~ 24%. Electron mob111ty and
sheet carr1er density in the 2- DEG at 77K are
57000 cm?/V-s and 0.95 x 1012 cm~2 for the SHJ
HEMT, and 18000 cm?/V-s and 3.2 x 102 c¢m™2 for
the QHJ HEMT structures, respectively, as deter-
mined by Hall measurements. The three-fold lower
mobility in the QHJ HEMT layers is due possibly to
poorer interface quality in the inverted HEMT
(GaAs on top of AlGaAs) layer. This materials
problem needs further attention. The n-GaAs cap
layer at the top is included to obtain low resis-
tance contacts by AuGe-Ni metallization and a
450°C - 30 s alloy cycle. The devices have a
source-drain gap of 3 um, unit gate width of
50 um, and a total width of 200 pm. Ti-Pt-Au
gates are formed, 0.5 um long and 6000R thick, by
direct-write EBL and Tift-off. Gates are recessed
by wet chemical etching to adjust the drain cur-
rent. Gate-source gap is ~ 0.5 um. Devices are
passivated by a layer of polyimide, which also
serves as a crossover insulator for the Au plating
step, wherein all gate feeds are brought out to a
common bonding pad (Fig. 2). The final step is to
thin the wafer to 125 um, etch via holes for
source grounding, and Au plate the backside. The
wafer is diced by a high speed diamond saw and
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Fig. 1 Epitaxial layer structure for single and quadruple heterojunction HEMTs.
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Fig. 2 Photograph showing the device structure.
Total gate width is 200 um. Source
electrode is grounded through two via
holes (not shown).

chips are mounted in an X-band FET package for dc
and rf evaluation.

DEVICE PERFORMANCE
DC Measurements

DC I-V characteristics of representative de-
vices are shown in Fig. 3, and the variation of
extrinsic transconductance (Gm) and drain current
(I4) with gate voltage for these devices is shown
in Fig. 4.

The maximum drain current (If) for the SHJ
HEMT is 80 mA (400 mA/mm), and for the QHJ HEMT is
104 mA (520 mA/mm). QHJ HEMTs with even higher
current can be fabricated by reducing the amount
of gate recess. However, this also reduces the
drain breakdown voltage and no significant in-
crease in output power is obtained. Although the
peak G, in SHJ HEMT, 63 mS (315 mS/mm), is consid-
erably higher than that in the QHJ HEMT, 42 mS
(210 mS/mm), the large signal variation in G is
much Tlower in the QHJ HEMT. For a 0.1 I: to
0.9 I¢ swing in Iges Gy variation in the SHJ HEMT

is from 18 to 63 mS, while it is only 26 to 42 mS
for the QHJ HEMT. Thus, lower intermodulation
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distortion is expected in the QHJ HEMT, as is con-
firmed by the data presented later.

Another advantage of the QHJ HEMT, obvious
from Fig. 3, is the improvement in device output
conductance. At 0.5 Idss’ the dc output conduc-
tance of the QHJ HEMT 75 3.9 mS/mm vs 12.8 mS/mm
for the SHJ HEMT. Carrier confinement by the
AlGaAs layer below the 2504 undoped GaAs layer
(Fig. 1) is credited for this improvement. How-
ever, measurements of S22 at 1 GHz indicate that
output conductance increases to 12.2 mS/mm for the
QHJ HEMT and 16.5 mS/mm for the SHJ HEMT at micro-
wave frequencies. A better understanding of the
device is needed to explain these variations.

Drain breakdown voltage near pinch-off was
measured for several devices of each kind. A1l
devices had soft breakdown characteristics, with
the SHJ HEMTs limited to 6-8 V and the QHJ HEMTs
limited to 10-12 V. Breakdown voltage of low
current QHJ HEMTs was consistently higher than
that of higher current devices, indicating that
further optimization in the epitaxial layer and
device structure is required to achieve simulta-
neously the goals of higher current and higher
breakdown voltage.

RF Measurements

Plots of output power and power added effi-
ciency vs input power at 10 GHz are shown in Fig.
5. These measurements were carried out by insert-
ing the packaged device in a coaxial test fixture
with double slug tuners at input and output and
tuning for maximum power. Drain bias was chosen
to be the highest voltage beyond which no signifi-
cant increase in output power was obtained, and
gate voltage was adjusted to maximize saturated
power. The maximum power obtained from a 200 pm
wide QHJ HEMT was 21 dBm (0.63 W/mm) with a power
added efficiency of 39%, and the maximum power
from a SHJ HEMT was 18 dBm (0.32 W/mm) with a
power added efficiency of 43%. Higher saturated
power from QHJ HEMTs is consistent with their
greater current and voltage capabilities, as dis-
cussed earlier. The small signal gain is ~ 15 dB
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Fig. 3 DC I-V characteristics of typical single and quadruple heterojunction HEMTs.
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for both devices. Both devices first show gain
expansion (up to 1.5 dB) and then gain compression
with increasing input power (Fig. 5), making the
definition of 1 dB gain compression point arbi-
trary. Gain expansion occurs due to an increase
in average transconductance with increasing gate
voltage swing (Fig. 4). Since gate voltage is
adjusted to maximize saturated output power, it is
not usually at the point of highest transcon-
ductance, and therefore small signal gain is not
necessarily the largest.

Results of intermodulation distortion mea-
surements on the two devices are shown in Fig. 6.
Under conditions of saturated power, third order
IMD product is -19 dBc for the QHJ HEMT and
-14 dBc for the SHJ HEMT. Higher order IMD prod-
ucts decrease monotonically in the case of the QHJ
HEMT, but not the SHJ HEMT. For example, at satu-
rated power, seventh and ninth order IMD product
products are -28 dBc, while the fifth order IMD is
-31 dBc in this SHJ HEMT. These distortion re-
sults are consistent with the higher Gm variations
in SHJ HEMTs.

CONCLUSIONS

HEMTs employing both single and quadruple
GaAs/A1GaAs heterojunctions have been fabricated.
The multiple heterojunction Tayer offers signifi-
cant improvement in the 2-DEG carrier density over
the conventional structure and is more appropriate
for high power devices. HEMTs with gate dimen-
sions of 0.5 pm x 200 pm were mounted in X-band
FET packages and tested at 10 GHz for their power
saturation characteristics. Results are summar-
ized in Table 1. A saturated power of 21 dBm
(0.63 W/mm) with an associated small signal gain
of 14.5 dB was measured for the QHJ HEMT. Power
added efficiency was 39.2% and third order IMD
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product was -19 dBc at saturation. This is the
highest power density yet reported for a HEMT.
These results are preliminary, having been ob-
tained on unoptimized active layers. It is ex-
pected that by suitably tailoring the doping pro-
file in the A1GaAs layers, devices with both
higher current and higher breakdown voltage can be
fabricated as required for greater output powers.
Linearity can also be improved by further reducing
Gm variations with gate voltage through layer
profiling.
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Table 1
Summary of Results

(1g ~ 0.5 pm)

. Drain Breakdown Voltage

{near pinch-off)

- Gy Vamations for 0.1 I
to 0.9 I Current Swing
{device width = 200 m)

. Saturated Output Power
(f = 10 GHz w - 200 um)

. Power Added Efficiency
. Third Order IMD at 1 dB

Compression

. Small Signal Gain Under

Power Matching

SHI HEMT QH) HEMT
. Sheet Carrier Density ~ 1012 2 ~ 3.2 x 1012 ¢p72
. Device Output Conductance 12.8 mS/mm (dc) 3.9 mS/mm (dc)

16.5 mS/mm (1 GHz)
<8V

(Idss ~ 350 mA/mm)
18 mS to 63 mS

18 dBm (0.32 W/mm)

43%
» -14 dBc

~ 15 dB

12.2 mS/mn {1 GHz)
10-12
(Idss
26 mS to 42 mS

v
~ 350 mA/mm)

21 dBm (0.63 W/mm}

39.2%
< -19 dBc

~ 14,5 dB




