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12 W/mm AlGaN—GaN HFETSs on Silicon Substrates

J. W. Johnson, Member, IEEE, E. L. Piner, A. Vescan, Member, IEEE, R. Therrien, P. Rajagopal,
J. C. Roberts, Member, IEEE, J. D. Brown, Member, IEEE, S. Singhal, and K. J. Linthicum

Abstract—Aly 26 Gag 74N-GaN heterojunction field-effect
transistors were grown by metal-organic chemical vapor de-
position on high-resistivity 100-mm Si (111) substrates. Van
der Pauw sheet resistance of the two-dimensional electron gas
was 300 ©/square with a standard deviation of 10 2 /square.
Maximum drain current density of ~1 A/mm was achieved
with a three-terminal breakdown voltage of ~200 V. The cutoff
frequency and maximum frequency of oscillation were 18 and 31
GHz, respectively, for 0.7-pum gate-length devices. When biased
at 50 V, a 2.14-GHz continuous wave power density of 12 W/mm
was achieved with associated large-signal gain of 15.3 dB and
a power-added efficiency of 52.7%. This is the highest power
density ever reported from a GaN-based device grown on a silicon
substrate, and is competitive with the best results obtained from
conventional device designs on any substrate.

Index Terms—GaN, heterojunction field-effect transistor
(HFET), high electron mobility transistor (HEMT), power den-
sity, silicon.

1. INTRODUCTION

NCREASING performance requirements (e.g., power

density, bandwidth, operation temperature, voltage rating)
are fueling the demand for wide bandgap electronic device
development in areas such as satellite and radar communication
systems, wireless basestations, high temperature electronics,
and high power solid-state switching. Gallium nitride (GaN)
and its alloys represent one of the most attractive material
systems for such applications. AlGaN-GaN heterostructure
field-effect transistors (HFETs) have been widely investigated
over a broad frequency range from S-band to V-band, with
nearly all structures heteroepitaxially grown on sapphire
(Al;03) or silicon carbide (SiC) substrates. For sapphire, the
current state-of-the-art power density of 12 W/mm at 4 GHz
was recently reported by Chini et al. [1] using a field-plated
structure. Optimization of similar field-plated HFETs grown
on SiC substrates led to 32.2 W/mm at 4 GHz by Wu et al. [2].
Despite these excellent results, sapphire substrates are hindered
by poor thermal conductivity [3] and SiC substrates suffer from
high cost, intrinsic material defects, and lack of widespread
commercial availability for diameters >75 mm. AlGaN-GaN
HFETs on high-quality, large-area, low-cost Si substrates are
viewed as an attractive alternative to some of the limitations
presented by sapphire and SiC. Performance of GaN-based
devices on silicon, however, has lagged behind that of similar
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devices on sapphire and SiC, mainly due to difficulties associ-
ated with crystal growth. Typical HFETs on Si have achieved
power densities of 1-3 W/mm at S-band [4]-[10]. Behtash et
al. recently reported molecular beam epitaxy HFETSs on Si with
2-GHz continuous wave (CW) power density of 6.6 W/mm
[11]. In this letter, we present Aly o6Gag.74N-GaN HFETSs
grown on high-resistivity Si (111) substrates that achieve a
record-setting 12 W/mm saturated output power density. By
simultaneously optimizing current-handling capability and
breakdown voltage through epi structure and device processing
details, these devices achieved ~1 A/mm drain current density
and breakdown voltage of ~200 V. Details of epi characteristics
and 100-mm wafer uniformity, as well as the resultant dc and
RF device performance will be given.

II. MATERIAL GROWTH AND DEVICE FABRICATION

All layers in this study were grown by metal-organic chem-
ical vapor deposition (MOCVD) using conventional precursors
in a cold-wall, rotating disc reactor designed from flow dy-
namic simulations. The growth process was nucleated with AIN
to avoid unwanted Ga-Si interactions. The epitaxial stack then
consisted of a proprietary AlGaN transition layer [12] to ac-
commodate thermal and lattice mismatch and a ~800-nm un-
intentionally doped GaN buffer layer. Typical device structures
consisted of 16-20 nm total thickness of (Al,Ga)N barrier and
capping layers. For this letter, the Al content of the barrier was
26%. The nominal growth temperature for the GaN buffer and
all device layers was 1030 °C.

Transistor fabrication began with Ti—Al-Ni-Au ohmic
metallization and rapid thermal annealing in flowing N, at
~825 °C. Contact resistance, specific contact resistivity, and
specific on-resistance were 0.45 Qmm, 5 x 10~% Qcm?, and
2.2 QOmm, respectively. Immediately following ohmic anneal,
the wafers were passivated with 900 A of plasma-enhanced
chemical vapor-deposited SiN,. Interdevice isolation was
accomplished by multiple energy N* implantation to produce
significant lattice damage throughout the thickness of the GaN
buffer layer. The ion implantation step is attractive not only
to maintain a planar geometry in the fabricated device, but
has also been shown to reduce leakage paths that can exist in
passivated, mesa-isolated HFETSs [14], [15]. Schottky contacts
were formed by selectively removing the SiN, passivation
layer in a fluorine-based dry etch chemistry and subsequent
deposition of 0.7 um dielectrically defined Ni—Au gates. Large
periphery devices were airbridged for source interconnection
to a thickness of ~3 pum using standard Au electroplating
techniques.
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Fig. 1. Van der Pauw sheet resistance uniformity contours for

Alg.26Gag.74N-GaN HFET wafer. The mean and standard deviation of R,
across the 100-mm diameter are 300 €2/square and 10 €2/square, respectively.
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Fig. 2. Output characteristics of 100-pm gate width AlGaN-GaN
HFET illustrating 1 A/mm drain current density. Also shown is extrinsic
transconductance as a function of Vi, with peak g,, of 325 mS/mm.
Transconductance of >200 mS/mm is maintained beyond V4 = 30 V.

III. RESULTS AND DISCUSSION

A sheet resistance (Rgp,) uniformity map obtained from van
der Pauw cross bridge measurements of a passivated 100-mm
Alg.26Gag.74N-GaN HFET wafer is given in Fig. 1, illustrating
amean Ry}, of 300 Q/square. This corresponds to an excellent
2DEG sheet charge x mobility product of 2.1 x 10¢ (Vs)~1.
The standard deviation of R, across the 100-mm diameter
(with 5-mm edge exclusion) was 10 Q/square with full-scale
range (Rsh,max—Rsh,min) of 38 {2/square.

Fig. 2 shows typical output characteristics of a
2 x 50 pm X 0.7 pm HFET with drain current density of
~1 A/mm and excellent pinchoff characteristics. Process
control monitor (PCM) single-finger 100-pum gate width tran-
sistors were probed on each of the 69 reticles of the 100-mm
wafer, and yielded a mean maximum drain current density
of 1040 + 40 mA/mm (defined at a forward gate current
density of 1 mA/mm) with no excluded die. Fig. 2 also gives
the drain bias (Vis) dependence of the maximum extrinsic
transconductance (g,,) for Vis up to 30 V. The peak extrinsic
gm reached 325 mS/mm at low Vjs and remained greater
than 200 mS/mm beyond Vys of 30 V. From the measured
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Fig. 3. Continuous-wave 2.14 GHz power sweep of 2 X 50 pum X
0.7 pm Alg 26Gag.74N-GaN HFET. Bias conditions were V4 = 50 V and

Ves = —1.1V (Iqq = 0.21 A/mm).

source resistance of 0.86 {dmm, a maximum intrinsic g,, of
450 mS/mm was estimated. The gate-source bias corresponding
to the transconductance peak shifted from —1.4VatVgs =5V
to —1 Vat Vg, = 30V.

Three-terminal destructive breakdown voltage for small pe-
riphery devices was 60—70 V per micron of gate-drain spacing,
yielding ~200 V for the geometry used in this study. Die yield
for breakdown voltage was ~90%, with all excluded (failed) die
originating from the wafer perimeter, likely due to processing
irregularities. Average drain leakage current density measured
on PCM 2 x 200 pm gate width devices was ~0.3 mA/mm at
Vis = 150 V and Vg = —8 V. The leakage/breakdown be-
havior was dominated by the gate-drain diode at all voltages.

Scattering parameters were measured with an Agilent 8510C
Vector Network Analyzer calibrated to 30 GHz. Wafers were
thinned to ~ 150 pm and backmetallized with 0.5 gm Au prior
to small- and large-signal RF data collection. At Vg = 15V
and quiescent current (Iqq) of 25% Ip max, measured values of
cutoff frequency (fr) and maximum frequency of oscillation
(fmax) Were 18 and 31 GHz, respectively. The fr X gate length
product of 12.6 GHz-um is one of the highest values ever re-
ported for AIGaN-GaN HFETs on Si [4], [7]-[11].

All large-signal measurements were performed on-wafer at
2.14 GHz under CW conditions using Focus Microwaves tuners.
Data were collected at 25 °C from 2 x 50 ym x 0.7 ym HFETS
on thinned, backmetallized wafers. No through-wafer vias were
present. Devices were biased at Vg = 50 V and Vg = —1.1 V
and were matched for gain and power on the input and output,
respectively. Tuning was performed at an input power level of
13 dBm. At the optimized tuner states, the source and load re-
flection coefficients at the DUT were .o = 0.77€18° and
Toad = 0.85¢/1”. The system integrity was verified to a net
loss of 0.3 dB on a 50 2 through. A 50 V power sweep is
shown in Fig. 3, illustrating 30.8 dBm saturated output power
with associated large-signal gain of 15.3 dB and power-added
efficiency (PAE) of 52.7%. This corresponds to a power density
of 12 W/mm and, to the best of the authors’ knowledge, repre-
sents the highest power density ever reported for a GaN-based
device grown on a silicon substrate. Peak PAE and drain effi-
ciency reached 53.7% and 54.8%, respectively. However, the
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maximum impedance of ~ 600 (2 available from the output
tuner resulted in a current-limited load line for these small pe-
riphery devices. Drain efficiency values of ~70% were obtained
in class AB operation on larger devices and at lower V5, where
proper matching was obtainable with a reduced load impedance.
A systematic study of device scaling and power versus effi-
ciency tuning optimization will be presented elsewhere.

The large-signal results presented in this letter are attribut-
able to optimization of both MOCVD growth details and the
HFET device processing sequence. Growth conditions have
been optimized to reduce extrinsic point defect concentration
and parasitic contributions from the substrate. Control of
point defects in the GaN buffer has been shown to reduce RF
dispersion and increase efficiency. Reduction of the p-type
parasitic channel at the Si surface decreases microwave loss
to the substrate, improving both small- and large-signal gain
[10]. Device processing conditions have been tailored to reduce
the impact of fabrication steps (e.g., photolithography, plasma
processes) on the surface of the device. Increases in peak power
and efficiency associated with such process improvements are
believed to stem from changes in the number or behavior of
surface electron trapping sites.

IV. CONCLUSION

Output power density of 12 W/mm was demonstrated from
Alp.26Gag 74N-GaN HFETs grown on high-resistivity Si sub-
strates, nearly doubling the previous record power density for
any GaN-based FET grown on Si. With a conventional epi struc-
ture and device design, these results represent the first demon-
stration of GaN-on-Si HFETs with performance levels equiva-
lent to state-of-the-art devices grown on sapphire or SiC. Along
with the excellent 100-mm uniformity data, these results clearly
attest to the viability of high-performance GaN-based electronic
devices on low-cost, large diameter Si substrates.
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