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Comprehensive Characterization and Modeling of the Abnormal Gate
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Systematic characterization and qualitative modeling of the abnormal gate leakage current in
GaAs-based commercial pseudomorphic HEMTs with gate lengths of 0.2 pm are reported with
a unique resonant tunneling mechanism for the first time. In the modeling of the abnormal I-
V characteristics, all possible physical mechanisms are included for a proper description and the
characteristics are divided into 4 different voltage regions. They consist of the normal reverse leakage
current, the negative hump due to impact ionization, the abnormal positive hump induced by the
resonant tunneling, and the forward conduction that results in a negative differential resistance
(NDR) for the drain current. In particular, the abnormal positive and negative humps in the gate
current and the negative differential resistance (NDR) in the drain current have been investigated,
and physical models are provided. Experimental verification has been also provided for the abnormal
gate leakage current that occurs under a high drain bias (Vps>2.3 V) with a forward gate bias
(0.2<V5s5<0.6) due to the formation of hybrid-excited states across the InGaAs channel and the
AlGaAs donor layer. These results will provide a comprehensive interpretations of the abnormal
positive humps in I caused by resonant-tunneling and of the NDR of the drain current due to
a field-assisted tunneling real-space transfer caused by hot channel electrons. This work is also
expected to be helpful for implementing more robust and reliable pseudomorphic HEMT-based

MMICs and MIMICs.
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Keywords: PHEMT, Leakage current

I. INTRODUCTION

Since the pseudomorphic high-electron mobility tran-
sistor (PHEMT) was introduced in 1986, it has been
known that PHEMT is one of the most commercially
promising devices for ultra-high frequency and high-
speed signal processing circuits and systems. High per-
formance in the devices requires a large saturation cur-
rent (Ipsg), alarge transconductance (g,,), a higher cur-
rent gain cut-off frequency (fr), and a superior minimum
noise figure (N F,,;,,) defined by
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respectively, and scaling of the gate length (L) to the
deep sub-micrometer range (typically lower than 0.25
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um) is one of best ways to achieve a high transconduc-
tance and cut-off frequency [1,2].

However, the gate leakage characteristics and the
breakdown effects of the devices unfortunately limit the
design and fabrication technology [3,4]. Therefore, it
is essential that further improvements, high reliability,
good noise performance, and excellent stability of the
electrical characteristics, be made for reliable operation
of PHEMTSs in a number of interesting applications, such
as wireless and optical communication systems. Several
papers have been published on various reliability issues,
when PHEMTSs are biased at high drain voltages, re-
lated to the long-term stability of short channel devices
[5,6]. Such phenomena are caused by the presence of
a large electric field in the high-mobility channel and a
heterobarrier between the InGaAs channel and the Al-
GaAs donor layer. These physical effects will generally
generate additional trap levels due to hot carrier dam-
age or filling/emitting electrons in existing trap levels
under the gate or at the surface/Schottky interfacial lay-
ers. As a result of the traps, DC and RF characteristics
may show a degradation in gain, a shift in the threshold
voltage, and breakdown walkout, thereby affecting the
performance of circuits and systems with PHEMTs [5].
These degradations are attributed to surface- or deep-
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trap-related mechanisms. Also, the negative differential
resistance (NDR) phenomenon in the drain-source cur-
rent has been observed in PHEMTSs and is associated
with thermionic emission and tunneling from the high-
mobility InGaAs channel to the gate electrode through
the low-mobility AlGaAs donor layer at a large forward
gate bias [7]. Recently, this region has been implemented
successfully for various analog and digital circuit appli-
cations with PHEMTSs. Therefore, the gate leakage cur-
rents must be analyzed by using accurate numerical and
theoretical modeling over the entire bias region in or-
der to implement robust and reliable implementation of
MMICs and MIMICs with PHEMTs.

In this work, we investigate the abnormal electrical
characteristics of gate leakage currents, which can be
divided into four regions: normal reverse leakage curr-
nets, negative hump currents, abnormal positive hump
gate currents, and forward Schottky currents. This work
discusses comprehensive physical mechanisms for the ab-
normal gate leakage currents and can be used to predict
potential symptoms and methods for implementing reli-
able PHEMTs. The mechanisms for generating the gate
leakage current in each region consist of impact ioniza-
tion, thermionic emission, field-assisted tunneling, reso-
nant tunneling, and real-space transfer. Especially, as
the published works generally have focused on the hot-
electron effect due to impact-ionization [8], there has
been no indication of a possible analysis of the abnormal
positive hump of gate leakage currents. We expand on
and make more thorough presentations of physical mod-
els for gate leakage current generation based on resonant
tunneling and field-assisted real-space transfer.

II. DEVICES AND EXPERIMENTAL
DISCUSSION

Commercial pseudomorphic HEMTSs, which are suit-
able for applications in ultra-sensitive low-noise am-
plifiers up to 12 GHz, were employed for this work.
The devices had a 0.2-um gate length with a total
gate width=200 pm and were packaged in low-parasitic,
surface-mountable ceramic packages. Proven gold-based-
metalization systems and nitride passivation assured re-
liable devices.

Tested devices had a drain saturation current of
Ipss~30 mA (measured at Vps=1.5V, Vgg=0 V) and
a transconductance of g,,~55 mS (measured at Vps=1.5
V, Ves=0 V). Typical values of the minimum noise
figure and the associated gain at f=12 GHz, reported
on the datasheets, were 0.5 dB and 12 dB, respec-
tively, at Vps=1.5 V, V5g=0 V. The measured results
were obtained with an HP4145B semiconductor param-
eter analyzer controlled by a personal computer. Fig-
ures 1(a) and 1(b) show the I versus V' characteristics
(Ips—Vps, Ips—Vas) measured for typical 0.2 umx200
pm PHEMTSs at room temperatures and Fig. 2 shows
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Fig. 1. (a) Drain current Ip as a function of Vps and
Vas (Vas,mae=0.8~—0.6 V, step=—0.1 V). (b) Drain cur-
rent Ip as a function of Vgs at different values of Vpg
(Vbs,maz=1.0~0.2 V, step=—0.2 V).

the measured transconductance as a function of the gate-
source voltage.

Figure 3 shows the abnormal gate leakage currents, I,
as a function of Vg for increasing Vps(Vps,maz=3-8 V,
step —0.2 V) measured at room temperature. For neg-
ative Vgg(<—0.54 V), the gate currents can be consid-
ered as typical gate-drain Schottky diode reverse cur-
rents. Due to the high electric field in the gate-drain
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Fig. 2. Transconductance g,, as a function of Vg at dif-
ferent values of Vpg.
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Fig. 3. Abnormal gate leakage currents with four different
regions defined by considering physical mechanism: Region
1: the normal reverse leakage, Region 2: the negative hump,
Region 3: the abnormal positive hump, and Region 4: the
forward Schottky conduction.

region as the device is biased at high Vpg, the gate leak-
age currents in the PHEMTs show anomalous negative
and positive bell-shaped behaviors as a function of Vgg.
While the negative hump of the gate currents is believed
to be the cause of the significant hot-electron phenom-
ena due to the holes generated by the impact ionization,
the positive hump of the gate current can’t be explained
only by the hot-electron mechanism in the drain region.
This new phenomenon requires a theoretical concept that
proves itself in the metal-AlGaAs-InGaAs structure de-
pendent upon Vgp, as well as up on Vpg. When the
forward gate bias was increased beyond V5s=0.6 V, a
forward gate current, which is associated with the nega-
tive differential resistance (NDR) phenomenon, was also
observed in the PHEMTSs. At a high Vpg bias, the gate
current of this region can not be explained only by the
thermionic emission process.

In order to identify the physical mechanisms related to
the abnormal positive hump and the forward conduction
of the gate leakage currents in PHEMTSs, we performed
a number of measurements to guarantee the confidence
of the abnormal behaviors. In the next section, we give
a description of the gate current in each region of the
current-voltage characteristics for PHEMTSs.

ITII. ANALYSIS OF THE ABNORMAL GATE
LEAKAGE CURRENT

Region 1: In this region, as shown in Fig. 3, the gen-
eration current with impact ionization in the depletion
region under the gate is the dominant current mecha-
nism. The gate current in Region 1 is the same as that
in reverse-biased diodes and is mainly determined by the
inherent Schottky barrier height and the depletion width
under a large reverse bias. Therefore, the gate leakage
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Fig. 4. Reverse gate leakage currents in gate-source diode
and gate-drain diode as functions of Vgs.

current of this region can be used to estimate the in-
put gate noise performance and the breakdown effect
and it predicts a higher input gate noise and a lower
breakdown voltage due to the high reverse leakage cur-
rent. In particular, numerous theoretical and experimen-
tal studies of breakdown in PHEMTSs have appealed to
impact ionization, tunneling, and thermionic field emis-
sion [9]. Due to these limiting factors, the design aspect
of devices features an asymmetric double recess struc-
tures [10]. The asymmetry of the test device is obvious
in Fig. 4, which compares the behavior of source-gate
and drain-gate diodes in a two-terminal configuration.
At low reverse bias, the drain-gate and the source-gate
diodes behave identically while at higher reverse biases,
the source-gate diode exhibits a significantly higher leak-
age current than the drain-gate diode, as the depletion
region extends into the asymmetrically wide recess struc-
ture.

In order to understand the breakdown mechanism
of the reverse leakage current in this device, we per-
formed two- and three-terminal measurements as func-
tions of Vpg and Vgs. Figure 5(a) shows the mea-
sured off-state breakdown voltages in both the two- and
the three-terminal configurations. The two-terminal off-
state breakdown voltages (BVpe and BVsg) were mea-
sured between 8 and 10 V while the three-terminal off-
state breakdown voltages were measured between 6 and
8 V. When the drain-source voltage, Vpg, was increased
for identical leakage current level, the drain-gate voltage
was measured between 2.8 and 3.6 V, as shown Fig. 5(b).
It is thought that the breakdown voltage is determined
by the avalanche multiplication effect due to impact ion-
ization.

Region 2: In this region, as shown Fig. 3, a bell-shaped
negative hump in the gate current is observed for the test
device. Such behavior has been reported to be due to a
hot-electron effect caused by impact ionization. In this
region, the gate current is proportional to c,-Le s and to
Ip, where a,, is the electron impact-ionization coefficient
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Fig. 5. Two- and three-terminal gate leakage currents mea-
sured as functions of Vps and the Vg bias: (a) two-terminal
off-state breakdown voltages (8~10 V), three-terminal off-
state breakdown voltage (6~8 V), and (b) the drain-gate
voltage measured between 2.8 and 3.6 V for the same leakage

current level.

of the channel and L.y is the extension of the channel
region where the impact ionization takes place:

1
|Ig‘:IDOzN-LffE"IDLffeXp <E> (4)

and £ is the longitudinal electric field in the Leys re-

gion. According to Eq. (4), when the electric field in the

Lc¢s region of the channel increases, energetic electrons

due to impact ionization may provide valence-band elec-

trons with sufficient energy to leap into the conduction
band, leaving a hole behind. The generated electron-

hole pairs are split and accelerated in the electric field at
the L¢ss region in channel. Although the electrons eas-
ily reach the nearby drain, some of holes flowing toward
the source may overcome the valence-band discontinuity
(AEy) and experience field-assisted real-space transfer
into the barrier layer, being consecutively collected by
the gate electrode and forming a gate current. Simi-
lar to the gate and substrate currents based on the hot-
carrier effect in MOSFETSs, the gate current curve in
this region has a bell shape. It is important that the
gate current is a strong function of both the longitudinal
field in the channel and the transverse field in the Al-
GaAs donor layers which are predominantly controlled
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Fig. 6. Degradation of the transconductance g, as a func-
tion of Vs at high Vps.

by Vps and Vgg. When Vgg is low and Vpg is high,
although the transverse electric field may be large, only
a few electrons reside in the channel. As Vg is raised,
the electron population in the channel increases; there-
fore, the channel electron concentration grows causing
an enhancement of the gate leakage due to the impact
ionization. If Vg continues to increase, however, the
peak longitudinal field at the drain end of the channel
is reduced so that the negative gate leakage reaches a
maximum and then starts to decrease. Figure 6 shows
the degradation of the transconductance caused by the
negative hump in the gate current at high drain biases.
Region 3: For a possible explanation of the abnor-
mal positive hump in Region 3, as shown Fig. 3, we
incorporate resonant tunneling into the hot-electron ef-
fect to obtain the abnormal positive hump in the gate
leakage current of PHEMTSs at room temperature. Res-
onant tunneling is a quantum-mechanical process that
manifests itself in particles tunneling through a sequence
of classically forbidden regions sandwiching a classically
allowed region [11]. The forbidden regions must be thin
enough so that particles can tunnel through, and the
allowed region should be thick enough to allow the ex-
istence of eigen-energy states. These conditions corre-
late with the metal-AlGaAs-InGaAs structure in HEMT's
when the gate-source is biased between the pinch-off volt-
age and the forward-conduction onset-voltage. Figure 7
shows the three distinct regions of current-voltage behav-
ior with the band diagrams in the conventional resonant
tunneling diodes (RTD) [11]. The peak currents through
such coupled barriers occur when the Fermi level is at the
same energy as the bound-state energy level.
Resonant tunneling in PHEMTs can occur when
enough hot electrons caused by impact ionization are
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Fig. 7. Three distinct regions of the current-voltage be-
havior with a schematic energy band diagram.

excited to two-dimensional quantized states in the high-
mobility InGaAs channel and which are hybridized with
two-dimensional quantized states in the high-gap low-
mobility AlGaAs donor layer [12]. We focus on the si-
multaneous conditions of sufficient hot-electron occupa-
tion of the quantized states in the InGaAs channel and
hybridization between the lowest quantized AlGaAs level
and the first/second quantized InGaAs levels. The hy-
brization is a sensitive function of the gate voltage while
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Fig. 8. Energy band diagram of the DUT: (a) the occu-
pation by hot electrons of quantized energy states due to the
application of a high Vpg, (b) The onset of resonant tunnel-
ing between the quantized AlGaAs level and the first quan-
tized InGaAs level, (c) The onset of resonant tunneling across
the second quantized InGaAs level, and (d) The reduction of
electrons on the lowest quantized level in the AlGaAs layer.
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Fig. 9. Dual hump of abnormal gate leakage currents
due to resonant tunneling measured at Vs maz=3.4 V and
Vas,step=—0.1 V.

the hot-electron occupation of quantized states is con-
trolled by the drain-to-source voltage. The energy-band
diagrams for a metal-AlGaAs-InGaAs structure are il-
lustrated in Figs. 8(a)~8(d). A large value of Vpg heats
up the electrons in the InGaAs channel and increases
the occupation by hot electrons of higher quantized en-
ergy states (see Fig. 8(a)). In addition, increasing Vs
(reducing Vgp at the drain end), which is proportional
to creating additional localized states in the AlGaAs
layer and increasing the quasi-Fermi level, causes hy-
bridization between the lowest quantized AlGaAs level
and the first quantized InGaAs level (see Fig. 8(b)). If
we keep pushing Vgg up, the lowest quantized AlGaAs
level crosses/overlaps the second quantized InGaAs level
so that they form a hybrid (see Fig. 8(c)). Then, elec-
trons tunnel through the heterobarrier from the InGaAs
channel to the AlGaAs donor layer. On increasing Vg,
the occupation by electrons of the lowest quantized level
in the AlGaAs layer may be reduced due to the difference
between the quasi-Fermi level and the conduction band
edge (see Fig. 8(d)). Figure 9 shows the measured dual
hump of abnormal gate currents for hot-electron condi-
tions. Because the states in the channel localize over
a small energy difference, the dual hump of the abnor-
mal gate current caused by resonant tunneling can be
observed over a small voltage range.

Region 4: Finally, in Region 4, there are two physical
mechanisms associated with the forward gate current.
The forward conduction onset starts up at Vgg=0.7 V
with Vps=0 V when the gate-channel diodes are for-
ward biased. In this bias condition, the channel electron
concentration increases and results in an elevated gate
leakage due to the thermionic emission (TE). As Vpg is
increased, however, the quasi-Fermi level will be far be-
low the conduction band at the drain end of the channel,
decreasing the gate leakage current due to TE, as shown
Fig. 10. When Vpg is higher than Vi55=0.7 V, although
the gate leakage current due to TE shrinks because the
region biased below V5=0.7 V by TE is extended along



-582-

50103 ‘

P /lLﬁ

Field Emission Deminant

< Thermionic Emissien Dominant
NDR generation

3ox10%

20%108

10x102

Gate Leakage Current[Al

Fig. 10. Forward Schottky gate leakage currents as func-
tions of VGS and VDS for VDS<1 V. Thermionic emission is
dominant when Vps>1 V. When field emission is dominant
a NDR is generated.

the quantum-well channel toward the source from the
drain end, the gate leakage current starts to go up at
the drain end of the channel. Therefore, if Vpg is con-
tinually raised, the two-dimensional electrons drift along
the quantum-well channel from the source toward the
drain, and some of them acquire large enough energies to
be real-space transferred into the AlGaAs layer through
the undoped spacer layer by field-assisted tunneling real-
space transfer (FTRST). This behavior can be explained
qualitatively by a real-space transfer mechanism due to
the hot-carrier tunneling under a high drain field. Then,
the gate leakage current increases again, as shown Fig.
10.

With these considerations, the distinction between the
forward conduction gate currents due to TE and FTRST
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becomes more understandable. This increase of the gate
leakage current is correlated to a corresponding decrease
in the drain current, resulting in a negative differential
resistance (NDR). Figure 11 shows the relation between
the drain current and the gate current. In this new
proposed model, NDR is FTRST induced when enough
hot electrons are exited to the drain end of the channel.
This result indicates that PHEMTSs can be operated in a
new mode under high-bias conditions as gate- and drain-

controlled NDR-type microwave amplifiers or oscillators
[13,14].

IV. CONCLUSION

We have used experimental data to provide a com-
prehensive characterization of the physical mechanisms
in the abnormal gate leakage current. We also proposed
unique and extensive qualitative models for the abnormal
current-voltage characteristics in PHEMTs. The physi-
cal mechanisms for the gate current generation in each
region could be classified as a normal reverse leakage,
a hot-electron effect due to impact ionization, resonant
tunneling, and field-assisted tunneling real-space trans-
fer. Especially, for the first time as far as we know,
we incorporated the concept of resonant tunneling into
the hot-electron effect to explain the abnormal positive
humps in the gate leakage current. We also provided
direct evidence for the dual hump characteristics to con-
firm the resonant-tunneling mechanism. With the con-
siderations in this paper, an interpretation of the abnor-
mal positive humps in gate leakage current caused by res-
onant tunneling and the distinction between the forward
conduction gate currents due to the thermionic emis-
sion (TE) and field-assisted tunneling real-space transfer
(FTRST) become more understandable.
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