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Abstract

Heterostructure field effect transistors (HFETS) are based on
AlGaN/GaN heterostructures which offer excellent electronic
properties for the development of faster, heat-resistant ,
energy efficient transistors and application in microwave-
power amplifiers [1,2]. The outstanding device performance
in cut-off frequency, breakdown voltage, and device output
power [3,4]. However, the comparatively analysis of small
signal and large signal parameters which are seldom found in
this paper.
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Introduction

The basis for the development of a fast switch-mode GaN
HFET is the semiconductor technology. On this level the
fundamental properties of the transistor devices are
determined. The whole technology process can be separated
into three functional main parts: the epitaxy, the active device
processing, and the technology for passives. These steps will
be shortly described in the next sections with regard to their
individual impact and restrictions on the final device
properties and performance.

1. Epitaxy of the Heterostructure

The epitaxy was done on 3-inch semi-insulating SiC
substrates by using metal organic chemical vapor deposition
(MOCVD). The schematic cross section of the deposited
layers for a full HFET epitaxy is depicted in Fig. 1. A thick
buffer layer is necessary to reduce the defect and dislocation
density and finally to realize an epitaxial layer with insulating
properties. Afterwards an AlGaN barrier layer is grown, often
followed by a thin surface protecting and surface stabilizing
GaN cap layer on top of the final structure.
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Fig 1: Schematic cross section of a conventional
AlGaN/GaN heterostructure for HFETS

The inherent piezoelectric and spontaneous polarization and
the band offset between AlGaN and GaN cause a triangular
quantum well at the AlGaN/GaN interface in the GaN with a
high electron concentration sheet charge (in the order of 1013
cm-2), the so-called two-dimensional electron gas (2DEG)
[5]. The resulting band diagram for the conduction band and
the electron distribution in the AlGaN/GaN heterostructure
(including a GaN cap layer) is illustrated in Fig.1. GaN forms
the channel layer, due to the electron distribution illustrated in
Fig. 1. The electrical properties of the 2DEG, e.g., the sheet
carrier density nS and mobility p, are mainly influenced and
adjusted by the thickness (dAlGaN) and Al content (xAl) of
the AlGaN barrier layer. While the sheet carrier density is
approximately increasing linearly with increasing Al content,
the behavior of the sheet carrier density on the barrier
thickness is nonlinear [6,7] is shown by equation below.
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2. HFET Small-Signal Equivalent Circuit
The model is based on two-port small-signal scattering
parameter measurements (S-parameter, see appendix Al). A
simplified small-signal model (Fig. 2) is used, which is
derived from a more complex small-signal model for HFETS
in common-source configuration shown by [8,9] The
advantage of the simplified model is a direct calculation of the
parasitic elements from the measured S-parameters.

infrinsic device
Gate

I +—o O Drain

T
Ces
R E En “G-‘il 25 T Cos

0]
Source

Fig 2: Simplified HFET small-signal equivalent circuit

The equivalent circuit of the model represents the physical
parts of the transistor. Those are the output or drain-source
capacitance CDS, the gate capacitance CG, which consists of
the gate-source capacitance CGS and the gate-drain
capacitance CGD, the gate series charging resistance Ri,
which results from ohmic losses in the metal connections of
the intrinsic gate capacitance, the channel/output conductance
gDS, the transconductance of the current source gm and the
gate delay time ti, which describes a frequency dependency of
gm in the range of CGS. Ri.
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The resistances of the source-gate RS and drain-gate RD
access region (contact and semiconductor resistance) are
additional parameters taken from DC measurements. They are
in series connected externally to the drain and source contacts
shown in Fig. 2. A sample of all model parameters with
calculated current gain cut-off frequency fT is given in Table
1.

Table 1: Measured example of small-signal equivalent
circuit parameters for a GaN HFET with a gate length of
0.25 pum and a gate width of 0.44 mm at a drain-source
voltage of 7 VV (at maximum gm).

fr Om Oos | Cos |Cop |Cps |7 |Ri

Gh | mS/ | mS/ | pF |pF |pF/ | ps | Qm
z mm |mm | mm | mm | mm m

31 | 330 |105 |14 031 |0.28 1.6

o

3. DC Measurement Results

In Fig. 3 shows the increase of the maximum
transconductance gm_peak by the increased threshold voltage
caused by gate-recess etching. The data point at the lowest
threshold voltage for each curve represents the reference
device without recess etching. The Enhancement mode
behavior with Vth > 0 V was found for both Al contents
(22% and 18%), while the most positive values of Vth have be
realized for an Al content of 18% in the AlGaN barrier. Here
a very high maximum gm_peak of about 600 mS/mm was
achieved at a threshold voltage of +0.5 V. While gm_peak
was increased between 50% and 100% by the reduction of
barrier thickness under the gate, the available drain current (at
VGS = 2 V) is slightly degraded by about 15% at Vth = 0 V

(Fig. 2).

650 —————————— 1100
O-.
O R ~
600+ o A J1o00 7,
A i i oA !
- 3504 A HE A
g 3% SN I 1900 ¢
= 5pp|Al content N -
£ --m--20% PRGN EIE
= 4504 | A 18% T A -
E: - A . {700 E
5 4004 L N o] £
o - 2 )
=111 . Fals -
350{ wm- T {600 <
300 ———————————————500 _°
3.0 -25 2.0 -15 -1.0 05 0.0 05 1.0
Vi (V)

Fig 3: Measured impact of gate-recess shifted threshold
voltage (Vth) on the peak transconductance (gm_peak)
and maximum available drain current (ID at VGS =2 V).

Nevertheless, the achieved current values are still very high.
The required input voltage swing is decreased by a factor of 2
, an almost similar output current can be switched with this
device. The origin of the high external transconductance for
the gate-recess devices is the stable device on-resistance
(Ron). The source and drain access regions are not influenced
by the recess etching and remain in a low resistive condition
given by epitaxy. The graph shows the behavior of Ron versus
drain current (ID) for GaN HFETs with gate-recess (Vth = 0
V) and without gate-recess. The curves are derived from the
output characteristics of both transistors.

For Vth > 0.5 V a strong deterioration of the maximum drain
current and gm_peak occurs (see Fig. 2). The origin of this
effect is the increasing gate leakage current in forward bias
direction of the gate Schottky-diode. In principle this current
is caused by the thin barrier layer itself, due to electron
tunneling and thermally induced field emission of electrons.
However, due to the trap assisted tunneling effect [10,11], the
total current is amplified by defects in the barrier and at the
barrier surface, which are always present and additionally
caused by the etching process. By crossing Vth = 0 VV from
negative to positive Vth, the gate forward current increases
dramatically. For Vth < 0 V no noticeable difference was
observed between the recessed and non-recessed devices.
However, for Vth > 0.5V the gate current becomes too high
for a stable and safe device operation. Further measures have
to be taken to improve the forward gate current issue for E-
mode HFETSs. The Fig. 4 shows the output characteristics of a
typical device. However, depending on the application, the
high gate leakage current in forward direction has to be
reduced or the maximal available drain current has to be
limited by the application circuit targeting an effectively low
gate current.

1000 T T T T T I I I

I_G =0.25 pm
8004 Ve =20V 18% Al content |7

= e
S 600 f—u 15V ]
£ 40090 1OV -
o |

20040 05V A
0 ov |

0 5 10 15 20 25 30 35 40 45
Vis (V)

Fig.4: Measured output characteristics of a gate-recessed
E-mode HFET with a gate length of 0.25 pm and an Al
content of 18% in the AlGaN barrier.

Beside the forward gate current, the influence of the thin
barrier and the etching process also deteriorates the reverse
gate leakage currents. Therefore the breakdown voltage of the
devices is reduced from a typical value of > 160 V for non-
recessed devices, to about 80 V for the gate-recess HFET of
the same gate length (0.25 pm).

4. Small-Signal Measurement Results

The reduction of the gate-to-channel distance by gate-recess
etching improves the device speed due to an improved ratio
between the intrinsic and parasitic HFET properties [14]. An
improved intrinsic component leads to an increased device
speed in general, which, e.g., increases the device speed
scalability of the technology for reduced gate lengths.
Measurement results showing this influence, based on
recessed HFETs with an AlGaN barrier composition of 18%
Al, are given in Fig. 5.
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Fig. 5: Influence of threshold voltage shifted by gate-recess
etching on the current-gain cut-off frequency (fT) and
gate-source capacitance (CGS), measured at VDS =7 V.

The reduced barrier thickness under the gate, which causes the
positive threshold voltage shift, leads to an increase in the
gate-source capacitance CGS. The impact of the parasitic gate
capacitance is therefore effectively reduced, e.g., to < 30% for
a CGS of 215 pF/mm at Vth = 0 V. Due to the
simultaneously increasing transconductance, the current-gain
cut-off frequency fT increases with increasing threshold
voltage from 31 GHz to a maximum value of 37 GHz at Vth =
0.3 V. The maximum of fT occurs slightly below the
maximum of gm_peak. The capacitance increases more than
the transconductance, which is limited by the gate leakage.
Beside the increase in fT, the transconductance improved by
gate-recess also causes an increased small-signal gain MSG.
Extracted from a device with a gate width of 2x250 pm and a
gate length of 0.25 pm at VDS = 28 V, MSG increases
constantly versus frequency (with k < 1) by about 1.8 dB for
the gate-recessed HFET with Vth = 0 VV compared to a non-
recessed transistor.

5. Large-Signal Properties

To assess the large-signal power performance, large-signal
continuous-wave power measurements were performed using
a simulations are done at 2 GHz on transistor devices based
on an AlGaN barrier with an Al content of 22%, a LG of 0.5
um and a WG of 2x250 um (Fig. 6). The transistors were
biased at VDS = 28 V. For similar measurement conditions
the gate voltage of the gate-recessed E-mode HFET (Vth =0
V) was kept at 0 V, whereas the D-mode reference device was
biased at VGS of -2.9 V. A linear gain of 22.5 dB (21 dB), a
maximum power-added efficiency (PAE) of 68 % (70 %) and
a maximum output power density of 4.6 W/mm (4.6 W/mm)
were obtained for Enhancement mode (Depletion -mode).
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Fig. 6: Large-signal measurement at 2 GHz of a gate-
recessed GaN HFET and a non-recessed reference device
with gate width of 2x250 pm and a gate length of 0.5 pm

(VDS =28V).

A gain increase of about 1.5 dB was observed for the E-mode
transistor, similar as deduced from the small-signal
measurements. The maximum Pout and maximum PAE of the
recess-devices are not decreased because of the increased gm
and gain. Further investigations on the forward gate current
limitation have been done for devices with a more positive
threshold voltage.

6. Results:

Table 2 summarizes these results. Two devices are compared
with a threshold voltage of 0 V and 0.5 V, representing a high
performance recess device and a device strongly affected by
high forward gate leakage, respectively.

Table 2: Results of large-signal measurements of gate-
recessed HFETSs with different threshold voltages at 2
GHz.

Vi Vos | Gain Pout PAE

ov 28V _1209dB | 48W/mm 68 %

05V 28V _1219dB | 3.5W/mm 68 %

ov 50V [227dB | 8.0W/mm 66 %

05V 50V [241dB | 6.0 W/mm 68 %

The measurements shown that the device with Vth = 0 V
achieves a high output power density up to 8 W/mm at a bias
of 50 V. The device with a deeper recess (Vth = 0.5 V) shows
an improvement in linear gain of about 1 dB, independent of
the output bias voltage VDS. However, the maximum
available output power is considerably decreased, limited by
the forwards current flow through the gate. High maximum
power added efficiency is obtained for all devices. The large-
signal properties achieved in this work are well comparable to
the state of the arts shown by Liu et al. [12,13].
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