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DC and RF Characteristics of
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Double-Heterojunction HEMT's
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Abstract—We present the detailed dc and radio-frequency
characteristics of an Alg 3Gag.7N/GaN/Ing. ; Gag.gIN/GaN double-
heterojunction HEMT (DH-HEMT) structure. This structure in-
corporates a thin (3 nm) Ing ; Gag 9N notch layer inserted at a
location that is 6-nm away from the AlGaN/GaN heterointerface.
The Ing.; Gag.gN layer provides a unique piezoelectric polariza-
tion field which results in a higher potential barrier at the backside
of the two-dimensional electron gas channel, effectively improving
the carrier confinement and then reducing the buffer leakage.
Both depletion-mode (D-mode) and enhancement-mode (E-mode)
devices were fabricated on this new structure. Compared with
the baseline AIGaN/GaN HEMTs, the DH-HEMT shows lower
drain leakage current. The gate leakage current is also found to
be reduced, owing to an improved surface morphology in InGaN-
incorporated epitaxial structures. DC and small- and large-
signal microwave characteristics, together with the linearity
performances, have been investigated. The channel transit delay
time analysis also revealed that there was a minor channel in the
InGaN layer in which the electrons exhibited a mobility slightly
lower than the GaN channel. The E-mode DH-HEMTSs were
also fabricated using our recently developed CF-based plasma
treatment technique. The large-signal operation of the E-mode
GaN-based HEMTs was reported for the first time. At 2 GHz,
alx 100 pm E-mode device demonstrated a maximum output
power of 3.12 W/mm and a power-added efficiency of 49% with
single-polarity biases (a gate bias of +0.5 V and a drain bias of
35 V). An output third-order interception point of 34.7 dBm was
obtained in the E-mode HEMTs.

Index Terms—AlGaN/GaN, depletion-mode (D-mode), double-
heterojunction (DH), enhancement-mode (E-mode), HEMTs,
InGaN.
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I. INTRODUCTION

ITH THEIR excellent performances in high-power

operations at microwave frequencies, wide-bandgap
AlGaN/GaN HEMTs are emerging as the promising can-
didates for next-generation RF/microwave power amplifiers.
Since the first demonstration of the AlGaN/GaN HEMTs
more than a decade ago [1], tremendous progresses have
been made in material quality and device processing tech-
niques, leading to much improved dc and RF performances
[2]-[7]. Meanwhile, more advanced device structures are be-
ing explored for further performance improvement. For ex-
ample, double-channel HEMTs [8] and composite-channel
HEMTs [9], [10] have been studied for higher carrier den-
sity and improved linearity. To improve carrier confine-
ment which could result in an improved pinch-off behavior,
double-heterostructure HEMTs [11] are also being investigated.
Micovic et al. [12] demonstrated a double heterojunction
HEMTs (DH-HEMTs) with improved buffer isolation using
AlGaN buffer layer with an Al composition of 4%. However, it
is still difficult to obtain an AlGaN buffer layer with higher Al
composition. Similar to the pseudomorphic HEMTs (PHEMTSs)
concept in GaAs-based HEMTs, AlGaN/InGaN/GaN HEMTs
and MOSHFETSs have been investigated [13], [14], with the
InGaN layer serving as the channel which is confined from both
sides by AlGaN and GaN. However, the crystalline quality of
the InGaN layer has not been shown to reach the level of GaN
layer and the highest two-dimensional electron gas (2DEG)
mobility reported in the AlGaN/InGaN/GaN HEMTs is
730 cm?/(V -'s) [13], [14], which is significantly lower than
that achieved in conventional A1IGaN/GaN HEMTs. As a result,
the quality of the InGaN layer has been a major hurdle which
prevents it from being used as the active channel for high-
performance HEMTs.

Recently, an AlGaN/GaN/InGaN/GaN HEMT structure,
with an InGaN notch serving as the back-barrier [15], [16],
is proposed. Instead of being used as the channel, an InGaN-
notch layer was inserted at the backside of the GaN channel.
Although the InGaN layer has a narrower bandgap compared
with the GaN layer, the strain-induced piezoelectric polariza-
tion in the InGaN layer [17], [18] raises the potential in the
InGaN layer, effectively creating a high potential barrier. This
additional barrier at the backside of the channel leads to better
carrier confinement and better buffer isolation, which in turn,
enables improved device performance, i.e., lower buffer leakage

0018-9383/$25.00 © 2007 IEEE
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current and higher power gain cutoff frequency (fmax). One
order of magnitude reduction in the buffer leakage current was
observed. Since the GaN layer remains as the major channel,
the mobility degradation that usually occurs in InGaN layer is
largely avoided.

In this paper, we provide a detailed study on the
dc and RF characteristics of the AlIGaN/GaN/InGaN/GaN
DH-HEMT structure. The effects of In composition on the
device characteristics are studied in samples with In compo-
sition of 5% and 10%, respectively. An additional benefit of the
InGaN-notch samples, namely, the reduction in dislocations, is
illustrated with surface morphology investigations by atomic
force microscopy (AFM). This dislocation reduction leads to
a reduced gate leakage current. A channel delay transit time
analysis based on RF small-signal characteristics is carried out
to investigate the dependence of the transit time on drain current
level. It is shown that low and high current levels possess two
different transit delay times, reflecting the electron mobility
difference in the InGaN and GaN layers. Taking advantages of
the improved power gain characteristics in DH-HEMT and a
novel CF4 plasma treatment technique we developed recently
[19], enhancement-mode (E-mode) AlGaN/GaN/InGaN/GaN
DH-HEMTs were fabricated to demonstrate large-signal per-
formance close to that achieved in depletion-mode (D-mode)
DH-HEMT. The cutoff frequencies of the E-mode HEMTs
are comparable to those of the D-mode HEMTs. Large-signal
operation of the E-mode HEMT with single-polarity gate and
drain biases is also reported for the first time. An output third-
order interception point (OIP3) of 34.7 dBm was obtained in
the E-mode HEMT, indicating excellent linearity.

This paper is organized as follows. Section II presents the
design concept of the AIGaN/GaN/InGaN/GaN DH-HEMTs
with focus on the utilization of the piezoelectric polarization
of the InGaN layer and the optimization of the indium com-
position. The details of material growth and device fabrication
will be given in Section III. DC and RF small- and large-signal
characteristics are presented in Section I'V. Finally, we conclude
in Section V.

II. DESIGN OF THE AlGaN/GaN/InGaN/GaN DH-HEMT

In the conventional AIGaN/GaN HEMT structure, the 2DEG
channel is located in the GaN channel layer, which is directly
on the top of the GaN buffer layer. Due to the homogeneous
characteristic of the GaN channel and buffer layers, the con-
duction band below the AlGaN barrier is continuous and rises
slowly with the depth, as shown in Fig. 1(a). The conduction
band profile is calculated by solving the Poisson’s equation
and Fermi—Dirac statistics with the polarization charges in the
AlGaN layer included. Without a sharp potential barrier at the
backside of the 2DEG channel, the conventional AIGaN/GaN
HEMT has an intrinsic drawback: The electrons in the 2DEG
channel are not confined well on the buffer side, and they can
spill over to the buffer, resulting in larger buffer leakage current.
Carriers in the 2DEG channel may also get their mobility
reduced because of the poor confinement.

One way to improve the carrier confinement is to replace the
GaN channel with certain lattice-matched or strained materials
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Fig. 1. (a) Calculated conduction band profiles of the conventional
AlGaN/GaN HEMT and the InGaN-notch DH-HEMT. (b) Close up of the
channel region. The conduction band below the channel is raised up, and a
sharp potential barrier for the carriers is formed.

having a conduction band lower than GaN buffer so that the
channel is confined from both sides, one side by the barrier
and the other side by the buffer. One example is the PHEMT
that features InGaAs channel in GaAs-based HEMTs. Natu-
rally, there have been attempts to replace the GaN channel
with InGaN layer, which features a lower conduction band
than that of GaN. The biggest obstacle for this approach has
been the difficulties in growing single-crystal InGaN layer and
obtaining high 2DEG mobility in InGaN channel. As reported,
the 2DEG mobility in this InGaN-channel HEMT structure
is 730 cm?/(V -s) [13], [14], which is lower than the typ-
ical value in the conventional AlGaN/GaN HEMT structure
[~1000 cm?/(V - s)].

On the other hand, InGaN has a strong piezoelectric polariza-
tion effect, which makes it suitable for modifying the channel
structure. When a thin InGaN layer is grown in a GaN system,
it is strained, and piezoelectric polarization charges could be
developed accordingly. Although the InGaN layer may not be
suitable for the channel without significant improvement in
crystal quality, it could provide a potential barrier when it is
placed between a GaN channel and GaN buffer, as shown in
Fig. 1(a). Band profile simulation was carried out to optimize
the position, indium composition, and thickness of the InGaN
layer. The InGaN layer was chosen to be 6-nm away from
the AlGaN/GaN interface. This distance is large enough to
keep the majority of 2DEG still in GaN (which has higher
mobility), and it is short enough for avoiding a distinctive minor
channel in InGaN layer, which will result in a secondary G,
peak that degrades the device’s linearity [8]. The InGaN layer
thickness is chosen to be 3 nm because it can create enough
potential barrier height while reducing the burden for growing
thicker strained InGaN layer. The conduction band profiles
of InGaN-notch DH-HEMT are plotted in Fig. 1(a), with a
close-up of the InGaN layer shown in Fig. 1(b). Two indium
compositions, 5% and 10%, are presented. The conduction-
band offset at InGaN/GaN heterointerface and the polariza-
tion charge density in the InGaN layer are set to be AFo =
0.06 and 0.12 eV, and 3.34 x 10" and 6.68 x 10'? e/cm? for
the 5% and 10% indium composition, respectively [17]. The
structure with 10% indium shows a potential barrier height
(measured from the Fermi level) of 400 meV, compared to
200 meV in the structure with 5% indium. For a comparison,
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Fig. 2. (a) Cross section of the InGaN-notch DH-HEMT. A 3-nm-thick

InyGa; —yN (y = 5% and 10%) layer is inserted into the channel region and
leaves the 6-nm-thick GaN layer to serve as the channel layer. (b) Cross-
sectional TEM of the InGaN-notch DH-HEMT (10% In). A well-defined
interface between the GaN channel layer and the InGaN-notch layer can be
found. (c) SIMS analysis result of the InGaN-not notch DH-HEMT (10% In)
wafer grown in an MOCVD system. The indium peak has an FWHM
of 3.2 nm.

the potential barrier at the AlGaN/GaN heterointerface is
260 meV. Higher indium composition is preferred in achiev-
ing higher potential barrier and better carrier confinement.
However, this indium composition implemented in practical
samples must be chosen in the context of high-crystal-quality
InGaN layer grown by metal-organic chemical vapor deposi-
tion (MOCVD).

III. MATERIAL GROWTH AND DEVICE FABRICATION

A. Al,Gay_N/GaN/InyGa,_yN/GaN DH-HEMT Growth and
Material Characterization

The InGaN-notch DH-HEMT structures, with the schematic
cross section shown in Fig. 2(a), were grown on c-plane sap-
phire substrates in an Aixtron AIX 2000 HT MOCVD system.
After initial desorption at 1200 °C, a GaN nucleation layer was
grown at 550 °C, followed by a 2.5-um-thick unintentionally
doped GaN buffer layer grown at 1185 °C. Then, the InGaN-
notch layer, which is 3-nm thick with low indium composition
(5% and 10%), was grown with pure nitrogen carrier gas
at 810 °C. Ammonia (NHj), trimethyl-gallium (TMG), and
trimethyl-indium (TMI) were used as the source materials. It
was followed by the 6-nm-thick GaN channel layer, also grown
at 810 °C. The barrier layer was grown at 1100 °C, which
nominally consists of a 3-nm undoped spacer, a 15-nm doped
(2 x 10™® cm™3) carrier supplier layer, and a 2-nm undoped
cap layer. To confirm the successful growth of the InGaN layer,
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Fig. 3. C-V characteristics of the: (a) 5%-indium and (b) 10%-indium
InGaN-notch DH-HEMTS, which was measured at 100 kHz on Schottky diodes
fabricated on the samples. The extracted thicknesses of AlGaN barrier are about
16.5 nm, smaller than the nominal value (20 nm).

material characterizations were carried out. A cross-sectional
transmission-electron-microscopy (TEM) picture of the struc-
ture with 10% indium composition was taken. As shown in
Fig. 2(b), a well-defined GaN/InGaN heterointerface can be
found, providing direct evidence for the successful growth of
the InGaN-notch layer. Fig. 2(c) shows the secondary ion mass
spectroscopy (SIMS) analysis result of the sample with 10%
indium. It can be found that there is an obvious indium peak
with a full width at half maximum (FWHM) of 3.2 nm, which
indicates that an InGaN layer was successfully grown under
the GaN channel and no significant indium diffusion occurred
during the subsequent high-temperature growth of the AlIGaN
barrier. The long tail in the Al profile is due to the stronger
memory effect for Al atoms in the SIMS equipment.

To profile the carrier distribution in the InGaN-notch
DH-HEMTS, capacitance—voltage (C-V) measurement was
carried out on circular Schottky diodes with Schottky contact
formed on top of the AlGaN barrier and the ohmic contact to the
channel serving as the other electrode. The carrier distribution
profiles along with the C—V' characteristics of the two samples
are plotted in Fig. 3. It is estimated that the carrier concen-
tration in the AlGaN/GaN/InGaN/GaN DH-HEMT is about
9.84 x 10'? and 9.22 x 10"* cm~2 for 10% and 5% indium
composition, respectively. Only a single peak and no plateau
were observed in the carried distribution profiles, indicating
that the minor channel in the InGaN layer only accommodates
a small fraction of the conducting electrons and it is strongly
coupled with the major GaN channel due to the small con-
duction band discontinuity (~120 and 60 meV above for 10%
and 5% indium composition, respectively) at the GaN/InGaN
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heterointerface. Since most of the electrons are in the GaN
channel, the problem associated with the lower mobility
of the InGaN layer was avoided. Instead, the InGaN layer
plays the role of creating a potential barrier at the backside of
the channel for enhanced carrier confinement. Hall measure-
ment was performed with hall-bridge pattern fabricated on the
AlGaN/GaN/InGaN/GaN DH-HEMT wafer. A 2DEG mobility
of about 1300 cm?/(V -s) [1230 cm?/(V -s)] and a sheet re-
sistance of 480 £2/sq (550 €2/sq) were obtained at room tem-
perature on the sample with 10% (5%) indium. Compared
with the works employing InGaN channel layer [13], [14], the
2DEG mobility of the AlGaN/GaN/InGaN/GaN DH-HEMT
is much higher [than 730 c¢cm?/(V -s)]. Our baseline con-
ventional AlGaN/GaN HEMT structure exhibits a mobility
of ~1100 ¢cm?/(V -s) and a sheet carrier density of 1.4 x
10'3 cm~2. From Fig. 3, it is also observed that the AlGaN bar-
rier thickness in the InGaN-notch DH-HEMT samples is around
16.5 nm, smaller than the 20 nm achieved in the conventional
AlGaN/GaN HEMT sample which features the same growth
conditions for the AlGaN barrier. This observation indicates
that the indium incorporation in the InGaN-notch DH-HEMT
is most likely the factor that affects the subsequent growth of
the GaN channel and AlGaN barrier. As we reported earlier
[20], indium can play the role of surfactant during the growth
of II-nitride materials. The thinner barriers in the DH-HEMT
samples result in lower negative threshold voltages, as shown
in the dc characteristics in Section IV.

B. Device Fabrication

The grown Al,Ga;_;N/GaN/In,Ga;_,N/GaN DH-HEMT
epilayer was used to fabricate both D- and E-mode devices.
Detailed description of the fabrication procedures has been
given in [15] and [19]. Device active regions were defined
using a 300-nm-thick mesa etching by Cly-based inductively
coupled plasma reactive ion etching (ICP-RIE). It is followed
by the source/drain ohmic contacts formation by a rapid thermal
annealing (RTA) of e-beam evaporated Ti/Al/Ni/Au multilayer
at 850 °C for 30 s. Using on-wafer transfer length method
patterns, the ohmic contact resistance was typically measured
to be 0.8 2 - mm. The gates of the D- and E-mode HEMTs
were processed in two separate steps. First, gate electrodes
of the D-mode HEMTs with 1-um length were defined by
contact photolithography, Ni/Au e-beam evaporation, and lift-
off, subsequently. The devices have a source—gate spacing of
L¢s = 1 pm and a gate-drain spacing of Lgq = 1 pm. For the
E-mode devices, after defining the gate electrode windows by
photolithography and before the deposition of the gate metal,
the sample was treated by CF, plasma in an RIE system at an
RF plasma power of 150 W for 150 s. After Ni/Au e-beam evap-
oration and lift-off, a postgate RTA was conducted at 400 °C
for 10 min. Finally, SiN was deposited on the sample by
plasma-enhanced CVD for device passivation.

IV. DEVICE CHARACTERISTICS

A. DC Characteristics

The dc transfer characteristics Ips—Vgs and transcon-
ductance (G,,) of the D-mode AlGaN/GaN/InGaN/GaN

T T
—m—0O— Conventional
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@
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5l 100

ps{MA/Mm)
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o

Fig. 4. DC transfer characteristics of the InGaN-notch DH-HEMTS, com-
pared with the conventional one.

DH-HEMTs are plotted and compared with those of the con-
ventional AlIGaN/GaN HEMT in Fig. 4. The gate dimension of
the devices is 1 x 10 pm. The threshold voltage of the D-mode
DH-HEMT with 5% and 10% indium composition is —3.6 and
—3.8 V, respectively, which is higher than that of the conven-
tional HEMT (—4.7 V). This difference is caused by the dif-
ferent barrier thicknesses between the DH-HEMT samples and
the conventional HEMT sample. The maximum drain current of
the DH-HEMT is about 800 mA/mm, which is lower than the
conventional one (~900 mA/mm) due to a smaller 2DEG den-
sity. It is found that the DH-HEMT shows a smaller OFF-state
leakage current than the conventional one. For the DH-HEMT
with a 10% indium composition, the leakage current is about
5 pA/mm at Vpg = 10 V and Vgg < —4 'V, significantly lower
than that in our conventional HEMT devices (~20 pA/mm
at Vgs =—-52 V and ~45 pA/mm at Vgg = —8 V). For
the 5% indium DH-HEMT, the leakage current is about
10 pA/mm, which is smaller than the conventional HEMT but
larger than the 10% indium DH-HEMT. The different leakage
currents in the two DH-HEMTSs are due to the difference in
the barrier height at the backside of 2DEG channel, as shown
in Fig. 1(b). The reduced leakage current in the DH-HEMTSs
strongly indicates that the potential barrier provided by the
inserted InGaN layer below the 2DEG channel can effectively
improve the buffer isolation and an indium composition of 10%
is more efficient than 5% indium. The peak transconductance
of the DH-HEMT is about 225 mS/mm (for 10% indium) and
215 mS/mm (for 5% indium), which is about 10% and
5% higher than that in our conventional HEMT devices
(~205 mS/mm). The differences in G.,,,’s of the conventional
HEMT and DH-HEMTs originate from the incorporation of
indium during the growth of the AlGaN barrier layer, which
was found to slow down the growth rate of AlGaN. A reduced
AlGaN barrier thickness results in a smaller gate-to-channel
distance, yielding higher peak transconductances.

The current—voltage (I-V') characteristics of the gate-to-
drain Schottky diode were also investigated. The results are
plotted in Fig. 5(a). The DH-HEMT devices exhibited a lower
reverse gate leakage current, which is about 75% lower than
that of the conventional HEMT. The reduced gate leakage
current in the InGaN-notch structures is a result of the im-
proved surface morphology and the dislocation reduction. As
shown in the AFM results in Fig. 5(b) and (c), the line-
shape dislocations that are usually observed in the conventional
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Fig. 5. (a) DC Igp-V@p characteristics of the DH-HEMTs and the conven-
tional HEMT. AFM pictures of: (b) conventional HEMTs and (c) DH-HEMTs
(10% In). Lower dislocation density was achieved on the DH-HEMTs.

[Fig. 5(b)] AlGaN/GaN structures are absent in the InGaN-
notch [Fig. 5(c)] samples. As reported recently [20], indium
atoms can play the role of surfactant and reduce the dislocation
density effectively. Although the indium source is only turned
on during the growth of the InGaN-notch layer, it is likely
that a small fraction of the indium atoms play the role of
surfactant and accompany the moving surface all the way up to
the AlGaN layer in the subsequent growth of the GaN channel
and AlGaN barrier. The DH-HEMTSs with 5% and 10% indium
composition have similar surface morphology, and both can
exhibit reduced gate leakage current. Since the DH-HEMT with
10% indium exhibits the lowest buffer leakage and the highest
transconductance, this sample is the focus of the study for high-
frequency small- and large-signal characterizations and E-mode
HEMT characterization.

Fig. 6 shows the comparison of the Ipg—Vpg and Ips—Vis
curves of 1 x 10 um D- and E-mode devices fabricated on
the DH-HEMT structure with Ing 1Gag gN-notch. After CFy
plasma treatment and postgate annealing [19], the threshold
voltage of the DH-HEMT device was shifted from —3.8 to
+0.08 V. As shown in Fig. 6(b), with a gate bias of +3 V,
the maximum drain current on this E-mode DH-HEMT device
is about 540 mA/mm, which is about 66% of the value of the
D-mode devices. The peak value of the transconductance of this
device, as shown in Fig. 6(b), is about 210 mS/mm, which is
comparable to its D-mode counterpart (225 mS/mm).

B. Small-Signal RF Characteristics of the E-Mode DH-HEMT

Bias-dependent small-signal S-parameters measurements
were conducted on 1x 100 pm D- and E-mode
AlGaN/GaN/Ing 1Gag oN/GaN DH-HEMTs, using an HP
4142B modular dc source/monitor and an Agilent 8722ES
network analyzer with cascade microwave probes. At a fixed
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Fig. 6. DC characteristics of the D-mode (square) and E-mode (circle)
InGaN-notch DH-HEMT devices. (a) Ips—Vpsg curves. For the D-mode
HEMT, Vgg starts from 41 V at the top with a step of —1 V. For the
E-mode HEMT, Vg starts from +3 V with a step of —0.5 V. (b) Ips—Vgs
and G,—Vgs curves, where the D-mode device showed a threshold voltage of
—3.8 V and the E-mode device showed a threshold voltage of +0.08 V.

source—drain bias of 10 V, the current gain (|ho1|?) and the
maximum available/stable power gain (MAG/MSG) were
extracted and plotted in Fig. 7(a), with the gate biased at
—1.5 V for the D-mode device and +1 V for the E-mode
device, respectively. The D-mode (E-mode) DH-HEMT
devices exhibited a current gain cutoff frequency (fr) of
14.5 GHz (149 GHz) and a power gain cutoff frequency
(fmax) of 45.4 GHz (46.2 GHz). Fig. 7(b) shows the fr and
fmax versus drain current for the D- and E-mode devices.

Compared with our conventional AIGaN/GaN HEMT de-
vices, the DH-HEMT devices have a similar fr but a higher
fmax value [15]. This can be attributed to the lower buffer
leakage in the DH-HEMT devices. Lower buffer leakage will
result in larger output resistance of the devices. In the first-
order approximation, fi,.x is related to fr in the following
equation [21]:

fmaX _ 1 ( Rds )1/2
fr  2\R,+R:

where Rys, Ry, and R; are the output resistance, gate parasitic
resistance, and charging resistance of the device, respectively.
With a larger Rgs, the DH-HEMT devices will have a higher
fmax than the conventional ones. The output resistance of
the D-mode AlGaN/GaN/Ing Gag.9N/GaN DH-HEMT device
and our conventional HEMT device were extracted from the
S-parameters measured at 2 GHz based on the equivalent cir-
cuit model shown in Fig. 8, and the results are plotted together
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Fig. 7. RF small-signal characteristics of 1 X 100 um D-mode (square) and
E-mode (circle) InGaN-notch DH-HEMT devices. (a) Frequency-dependent
|ho1|? and MAG/MSG curves extracted from the measured S-parameters. The
drain bias is 10 V, and the gate bias is chosen at the point when maximum fr
is obtained. (b) Bias-dependent f1 and fmax curves with the source-to-drain
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Fig. 8. Equivalent small-signal circuit model for HEMTs.

in Fig. 9. It can be found the DH-HEMT devices have a R
larger than that of the conventional one.

To evaluate the channel transport properties of the InGaN-
notch DH-HEMT, the bias-dependent transit delay time were
extracted and plotted against 1/Ipg in Fig. 10. By extrapolating
the linear part of the curve at low current levels to the infinite
drain current, the channel transit delay time can be obtained
from the interception with the time axis [22]. Unlike the con-
ventional HEMT which features a single well-defined transit
delay time [22], two values of transit delay time can be obtained
from the InGaN-notch DH-HEMT. As shown in Fig. 10, there
are two linear parts with different slops, which result in a
channel delay time of 8.9 and 9.9 ps. The smaller delay time
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Fig. 9. Bias-dependent output resistance (Rpg) curves extracted from on-
wafer S-parameter measurements (frequency =2 GHz) for 1 x 100 pm
D-mode InGaN-notch DH-HEMT (circle) and conventional HEMT (square)
devices.
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Fig. 10. Channel transit delay characteristics of the InGaN-notch DH-HEMT
(10% 1In). Two different channel transit delay times (8.9 and 9.9 ps) were
obtained on the DH-HEMT.

is obtained at relatively high current level, corresponding to the
situation when majority of electrons are located in the major
channel in GaN, which has a higher 2DEG mobility, while the
larger delay time is obtained at low current level, when most
of the electrons are located in the minor channel in the InGaN
layer. Although a well-defined heterointerface can be found
between GaN/InGaN by TEM, the crystal quality of the InGaN
layer is not good enough and causes mobility degradation,
which resulted in a larger channel transit delay time. This
observation justifies our intention of using the InGaN layer at
the backside of the channel for enhanced barrier confinement,
instead of using it as the channel.

C. Large-Signal RF Characteristics: Power and Linearity

Large-signal load pull measurements were conducted on both
the D- and E-mode DH-HEMT devices at 2 GHz using a Maury
load-pull system. By tuning the input and output impedance
for maximum output power, a linear gain of 25.5 dB (26 dB)
together with a power density of 3.45 W/mm (3.12 W/mm) and
a power-added efficiency (PAE) of 44% (49%) were obtained
with a 35-V drain supply voltage on a 1 x 100 um D-mode
(E-mode) device, as shown in Fig. 11. The substrates were
not thinned down, and no cooling treatment was employed in
the measurements. The maximum output power density of the
E-mode DH-HEMT is comparable with the value of its D-mode
counterpart fabricated on the same wafer. To the best of our



30 T T T 60
D-mode 3.45 W/mm
%\ 25 :.—o—o-o—o-o-o-o_O_O_O_O_O_O Jowwer _a-A-4-4 50
<20t At 40 _
(Dh AA"A /"r O\o‘o\o\ O\\i
E 15 A 430 1
03} > Ve <C
2 10f {20 &
o}
a® 5 10
i - |
_.-l—"r. (a)
0 1 Il 1 1 0
-15 -10 -5 0 5 10
P, (dBm)
30

E-mode "3.12 Wimm__ | 60

T
=0~0-0-0-0~0~0~0-0-0~0ms.. 4_‘4_‘_‘_‘_‘\_‘:‘ o
A ‘ éo g 1
/A -
20¢ At ke

N
[¢)]

o
= —
d RC\nﬁn\:40 S
= 430 W
£ <
o

S 120
5
o 110
& (b)

L 0

5 10

P,y (dBm)
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knowledge, this is the first large-signal power characteristics
reported on the E-mode GaN-based HEMT devices.

To investigate the current collapse issue of the DH-HEMTs,
dynamic -V characteristics were measured using an Accent
DIVA D265 dynamic I-V analyzer. The results are shown
in Fig. 12. The pulsewidth is 1 S and the pulse separation
is 1 mS. The drain bias is 10 V, and the gate bias is —2.5 and
+0.5 V for the D- and E-mode DH-HEMTs, respectively. No
significant dc-to-pulse dispersion was found for both the D- and
E-mode DH-HEMTs.

To characterize the linearity of the DH-HEMT devices, two-
tone third order intermodulation (IM3) was measured at 2 GHz
with an offset frequency of 1 MHz. The result is plotted in
Fig. 13. An OIP3 of 29.2 and 34.7 dBm were obtained on
1 x 100 gm D- and E-mode DH-HEMT devices, respectively.

V. CONCLUSION

In this paper, a detailed investigation on the
Alp.3Gag 7N/GaN/Ing 1 Gag gN/GaN DH-HEMTs is presented.
By inserting a thin Ing ; Gag 9N layer into the channel region of
our conventional Aly 3Gag 7N/GaN HEMT structure, a sharp
potential barrier was formed under the 2DEG channel, which
can help in improving the carrier confinement and then improv-
ing the buffer isolation characteristics. One order of magnitude
lower buffer leakage current was achieved on the InGaN-
notch DH-HEMTs with 10% indium composition compared
with our conventional Aly3Gag7N/GaN HEMTs. The lower
buffer leakage current features a larger output resistance of the
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Fig. 12. DC (straight line) and pulsed (circle) I-V characteristics of the:
(a) D-mode and (b) E-mode DH-HEMTs. For the D-mode one, Vg starts
from 41 V with a step of —1 V, and the starting biases for the pulses are:
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+2.5 V with a step of —0.5 V, and the starting biases for the pulses are:
Vpg =10 V and Vgg = 40.5 V. The pulsewidth is 1 us, and the pulse
separation is 1 ms.
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devices and results in a higher cutoff frequency of the power
gain. Compared to the Al,Ga;_;N/In,Ga;_,N/GaN HEMTs
where the channel layer is InyGa;_yN, the InGaN-notch
DH-HEMTs relaxes the requirement of growing a high-quality
cluster-free In,Ga;_,N channel layer, which normally has a
lower 2DEG mobility due to the poor crystal quality.

E-mode devices with good dc, RF small signal, and power
performances were realized on the InGaN-notch DH-HEMT
structure by CF, plasma treatment before the deposition of the
gate electrodes. The threshold voltage was shifted by about 4 V.
An output power density of 3.12 W/mm together with a PAE of
49% were first reported on a 1 x 100 ym E-mode GaN-based
device.
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