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Pseudomorphic Inverted HEMT Suitable to Low
Supplied Voltage Application
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Abstract—Enhancement-mode pseudomorphic inverted
HEMT with short gate length shows superior saturation prop-
erties in low drain voltage. Excellent saturation properties in
the low field is suitable to low supplied voltage application, High
frequency properties of FET were also studied by using two
types of frequency dependent measurement systems which rep-
resent active load and common-source circuits. It was con-
firmed that the feature of low knee voltage in the static I-V is
preserved above 100 kHz, which predicts the microwave char-
acteristics of the device. The estimated output power for the
device was 50% higher than that of conventional pseudo-
morphic HEMT at supplied voltage of 1 V.

INTRODUCTION

RE’CENTLY, demands for low-voltage-operating high-
speed devices are growing rapidly [1], [2], not only

in digital application but also in analog/microwave ap-
plications. Low voltage operation is indispensable for re-
ducing the power dissipation in applications for portable
apparatus or to realize multi-cascoded circuits such as
Gilbert cell multipliers which can be operated by a battery
power supply,

Among various devices, submicron gate HEMT is re-
ported [3].to be suitable for low voltage operating digital
IC’S. Especially, pseudomorphic inverted HEMT (P-I-
HEMT) operates propagation delay time of 6.6 picosec-
ond at room temperature under low supplied voltage of
0.9 V [4]. This data is one of the fastest evef reported.
Furthermore, operating voltage is lower than any other
devices. These results imply P-I-HEMT to be also suit-
able to low voltage operating microwave device. Satura-
tion properties of P-I-HEMT under low supplied voltage
were examined in detail by the second derivative of drain
current with respect to drain voltage, and were compared
with other devices and process conditions.

On the other hand, many papers have revealed that
I-V properties of FETs in RF are different from those in
dc [5], [6], and the real properties must be discussed in
frequency region at least around 100 kHz or 1 MHz.

In this paper, we discuss the low voltage properties of
P-I-HEMT in various frequency range and we show that
the advantage of P-I-HEMT is maintained even in the RF.
The measurement systems we employ here are to simulate
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two types of applications, switching transistor and active
load transistor, in the frequency range up to 1 MHz.

SATURATION PROPERTY IN STATIC I-V (lJRVE

For the proper operation of FETs, the biasing in drain
current saturated region is very important, therefore good
saturation property in low field is indispensable for low
voltage operation. We examined static curves in detail,
especially the position and the shape of the knee.

Figs. 1 and 2 show the comparison in static properties
between inverted HEMT (1-HEMT) and GaAs MESFET.
They have 0.5 pm length, 10 ~m width recessed gate
structure and epitaxial layers grown by MBE. Their
threshold voltages are – 1.0 V. The I-HEMT structure,
in which an undoped GaAs channel exists on an AlGaAs
layer, has the advantage in the short gate length device,
because of the superior confinement of the two-dimen-
sional electron gas [7], [8]. It seems that the I-HEMT has
lower knee voltage than MESFET, but the difference is
not clear in simple I–V curves. ‘

To examine more detailed knee properties, differential
curves were delivered from these curves. Figs. 1(b) and
2(b) show derivatives of zd curves i.e., drain conduc-
tance gd versus drain VO@&S ~~. The gd decreases in
proportion to drain voltage Vd, In I-HEMT, the gradient
of gd versus Vd does not depend on Vg under the whole
Vd region. Curves with different Vg values are almost
parallel each other. On the contrary, the gradient of the
MESFET becomes smaller as the Vg decreases. Figs. 1(c)
and 2(c) show second derivatives, where vertical scales
indicate absolute values. Difference of properties between
the-two devices becomes clear. In the second derivative
curve of Id, the peak position is thought to be the knee
voltage, and the peak height and sharpness are thought to
be the clearness of knee shape. In I-HEMT, when V~de-
creases, curves shift to low field, but peak heights are not
decreased so much, On the contrary, in case of MESFET,
peak heights are decreased and the sharpness become re-
duced in low P’gregion.

From the Figs. of 1 and 2, it is revealed that the
I-HEMT structure has clearer knee shape and lower knee
voltage than MESFET, and that the inverted HEMT
structure is suitable to low supplied v~ltage application
especially in low Vg region. It is considered that the
I-HEMT has a smaller on-resistance because of its high
electron mobility and it makes the knee voltage lower.
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Fig. 1, Static characteristics of inverted HEMT. (a) Id-Vd characteristics,
(b) the derivative of drain current with respect to V. (drain conductance)
versus Vd, and (c) the second derivative of drain current versus Vd;

By applying this evaluation method of knee properties
to various kinds of devices, the following facts were re-
vealed. 1) The short gate FET has lower knee voltage and
clearer knee properties than the long gate FET, as long as
strong short channel effects do not occur. It is considered
that the shorter gate structure reduces the on resistor of
FET channel and makes the knee voltage lower. 2) The
knee voltage of the enhancement-mode I-HEMT is lower
than that of the depletion-mode I-HEMT when compared
in the V, at maximum g~. These results indicate that the
enhancement-mode FET has an advantage of low voltage
operation.

DEVICE STRUCTUREAND CHARACTERISTICS

Based on the above-mentioned facts, it is considered
that the superior durability against short channel effect and
low on-resistance are indispensable for low voltage op-
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Fig. 2. Static characteristics of GaAs MESFET, (a) ICVd characteristics,
(b) the derivative of drain current with respect to 1’. (drain conductance)
versus V~, and (c) the second derivative of drain current versus Vd.

crating devices. Therefore, we employed two types of en-
hancement-mode very short gate HEMT structure devices
which meet these requirements. One is a P-I-HEMT, and
the other is a conventional structure well studied pseu-
domorphic HEMT (P-HEMT).

Pseudomorphic structure accomplishes improved trans-
conductance ( gJ and reduced short channel effects due
to high concentration and excellent confinement of two-
dimensional electron gas in the InGaAs channel.

From now on, we compare the properties of P-I-HEMT
and P-HEMT. Conventional HEMT structures (HEMT
and P-HEMT) and also are suitable to inverted HEMT
structures (1-HEMT and P-I-HEMT) to low voltage op-
eration, compared to MESFET. However, the durability
against short channel effects is larger in P-I-HEMT than
in P-HEMT, and the gn in enhancement-mode FET is
larger in P-I-HEMT than in P-HEMT.

Fig. 3 shows the schematic cross-sectional figures of
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Both devices are fabricated in the same process lot, ‘and (a)
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ing depth.

Figs. 4 and 5 show static I-V properties and their sec- \ “-l
ond derivatives” of enhancement-mode P-I-HEMT and u.E> \ \Vg=O.6V

P-HEMT. The gate length and width are 0.2 ~m and 10 10 - \l
pm, respectively. As shown in Zd-Vd curves, P-I-HEMT \

has better drain current saturation properties and lower
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Fig. 6 shows RF characteristics of 150 pm gate width Fig.5. Staticcharacteristicsof pseudomorphicHEMT.(a) Id- V~ charac-
teristics, and (b) the second derivative of drain current with respect to Vd

P-I-HEMT and P-HEMT, measured by using microwave versusv..
wafer probe head. The drain conductance under constant
Z~of 20 mA is calculated from 0.5-12 GHz ~-parameters.
The maximum fTin each ~d is also plotted. P-I-HEMT HIGH FREQUENCYI-V MEASUREMENTSYSTEMS

has smaller g~ in RF just as in dc. The maximum ~~ of Most of the compound semiconductor FETs are known
P-I-HEMT shows the largest value in as low drain voltage to show drastic changes of their characteristics around 100
&3 0.8 V. Hz- 10 kHz: such changes are related to deep level traps
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Fig. 7. Two types of frequency dependent measurement systems. (a) The
system A which represent active load. (b) The system B which represent
common-source circuit.

and make the RF device parameter like drain conductance
quite different from the dc value. Consequently, param-
eters above 10 kHz, instead of dc data, will represent RF
characteristics. Our interest was whether the good static
I-V characteristics at low drain voltage is maintained in
the RF condition, or not. The two kinds of measurement
systems we employed are to show the RF I–V behavior
of the devices.

Measurement system A is shown in Fig. 7(a). The bi-
polar transistor operates as an emitter follower circuit. The
signal of function generator is applied to the base, and the
drain voltage of DUT is applied from the emitter. The P’d
can be swung as large as 5 VP_Pup to 100 kHz under the
constant gate voltage. The value of drain current is ob-
tained from the potential difference of resistor Ri mea-
sured by the operational amplifier. zd–Vdcurves of the FET
are obtained as the Lissajous’s figure on the digitizing os-
cilloscope, and then averaging, smoothing and error-cor-
rection treatments are done by the computer. These Id–vd
results are helpful to understand RF operation applied to
active load and current source circuits.

In another system (system B: Fig. 7(b)), trapezoidal

voltage up to 1 MHz is supplied to gate, and drain current
is supplied through the load resistor RL. This configura-
tion gives the load lines of FETs on the digitizing oscil-
loscope, which are useful to common-source amplifier de-
sign.

RESULTS AND DISCUSSION

Figs. 8 to 11 are & Vd curves of 150 ~m width gate
P-I-HEMT measured by system A and/or B. Comparison
of Zd–vd curves under various measurement conditions are
described as follows. Fig. 8 shows voltage swing and fre-
quency dependence of I-V curves in P-I-HEMT mea-
sured by system A. In this figure, curves of 100 kHz with
the amplitude from O V to 1, 2 and 4 V are plotted with
the static curves of [50 Hz, 4 V]. In case of high fre-
quency and large voltage swing such as the case of [100
kHz, 4 V], zd decrease is serious in low Vd region. For
smaller vohage swings of 1 VP.P, the Id decrease almost
disappears.

The overlay plot zd-vd curves for 100 kHz with 0.6 V
voltage swings around various bias points, are shown in
Fig. 9. The center of each curve is exactly on the static
or 50 Hz I–V curves, however, the fact that the gradient
for 100 kHz is larger shows the frequency dispersion of
gd even in the small voltage swing around the operating
points.

These results suggest that in the application of active
load or current source circuit, frequency dispersion of gd
still remains even in the low supplied voltage conditions.
However, when the voltage swing itself is small, the
change in Id is Sufficiently suppressed.

Fig. 10 shows the result of P-I-HEMT measured by
system B. Gate voltage is supplied from + 0.6 V to below
pinch-off voltage at 1 MHz. Several kinds of supplied
voltages (from 0.5 V to 5 V by the step of 0.5 V) are
applied, and several parallel load lines can be drawn.
I-V curve (b) is obtained as an envelope of load line
edges. Curve (a) is obtained by system A at 100 kHz, that
is the same line as 4 VP.P condition in Fig. 8. Curve (c)
is the static curve. In low frequency, curve (a) and (b)
coincide with curve (c). In curve (b) measured by system
B, although the drain current decreases in whole region,
clear knee properties are not disappeared and the line is
almost parallel to the static curve (c).

In Fig. 11, two kinds of load resistance (RL = 15 Q and
82 Q) are compared at 1 MHz. The envelope of 82 Q load
line edge shows rounded curve at the knee, whereas that
of 15 Q load line has the clear knee. This fact suggests
that the knee property in the RF I–V in the common-source
amplifier application depends more on drain voltage swing
than on gate voltage swing.

Fig. 12 shows the relation between output power and
supplied voltage at the frequencies of 50 Hz and 1 MHz,
where P-I-HEMT and P-HEMT are compared. Output
power is obtained from power consumption of load resis-
tor in measurement system B, and Vddas shown in Fig.
7(b) gives supplied voltage. This estimation is equivalent
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