A new methodology to extract saturation velocity of Ing.53Gass7As QW HEMTSs
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Abstract

In this abstract, we investigated carrier transport properties
for Ines3Gass7As quantum-well high- electron-mobility
transistors (HEMTS), in the sense of effective mobility(z:_o¢) and
saturation velocity(vs«:). Especially, characterize that the carrier
transport properties in HEMTSs do not account for the effect of
each individual unit process and device integration and can be
challenging for short-channel devices. To do so, we proposed a
methodology that explained the Lg scaling behavior of
transconductance(gx) in saturation, enabling to the extraction of
values of un ¢ and vsar. For a methodology of transconductance
modeling, we fabricated Ins.s3Gas.s7As HEMTs with Lg from 10
mm to sub-30 nm. This exhibited excellent agreement between
measured and modeled g, yielding physically meaningful values
of pn ef and vsr. To improve RF characteristics of HEMT
devices, it is essential to increase gm performance together with
analysis vs.r using the proposed method in this work.

INTRODUCTION

Indium-rich In,Ga;..As/Ing 52Alj 4sAs quantum-well (QW)
high-electron-mobility transistors (HEMTs) on InP substrates
have evinced the excellent balance of current-gain cut-off
frequency (f7) and maximum oscillation frequency (fuax), and
the lowest noise figure characteristics at all frequency regions
[1-4]. Since the In,Ga;.As material has electron mobility
easily in excess of 10,000 cm?/Vs at 300 K than other
materials. In the meantime, many studies have shown a record
of high-frequency characteristics with In,Ga;As materials,
such as fr= 738 GHz by Jo ef al. [4], fua > 1 THz by Mei et
al. [3], and fr = 660 GHz from metamorphic HEMTs by
Leuther et al. [2]. Theoretically, transconductance (g,) in
saturation is a fundamental figure of merit that reflects the
carrier transport properties of the In,Ga;..As QW channel and
thus has served as a device metric to evaluate the high-
frequency characteristics of those devices. To further improve
the high-frequency characteristics, higher g, should be
delivered in the devices. In fact, most of the innovative
progresses on those devices have been engineered such that
gm Wwas maximized, such as reduction of gate length (L),
increase of the indium mole fraction (x) in the QW channel
design, and optimization of epitaxial growth conditions [5-8].

Especially, the general way to evaluate carrier method is only
applicated to Long-L;. As a result, it is important to
understand and improve the carrier transport properties of
In,Ga;..As QW HEMTs, especially at short-L,. However,
there has been little work on the saturation velocity (vsa:), €ven
though v, is a parameter of primary importance for ultra-
high-frequency devices.

In essence, the In\Ga,;..As QW HEMTs are equivalent to
fully-depleted (FD) SOI MOSFETs from the electrostatic
integrity point of view [14-15]. Therefore, the intrinsic
transconductance (gm i) of the In/Ga;:As QW HEMTs
should operate the principle of a MOSFET from the mobility-
relevant to the velocity-saturation regimes. Based on these
facts, we aim to propose a new and simple methodology to
analyze carrier transport properties for the In.Ga;,.As QW
HEMTs from the measured g,, scaling behavior in saturation,
yielding the effective mobility (4 o) and vs... We tested the
Ing 53Gag47As QW HEMTs with Lg from 10 pm to 20 nm and
investigate their carrier transport properties.

THEORY

The technique that will be explained in this section applies
to any type of field-effect transistors, including HEMTs.
Since, the extracted vy, in this work is the velocity in short-
channel HEMTs, which has about the same physical meaning
as the velocity saturation phenomenon in short-channel Si
FETs. Under the gradual-channel approximation, the gate-
width normalized intrinsic transconductance (g i) of a FET
in saturation is given as follows [16]
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In the common-source configuration, the g, i, of the FET
is governed by its Cg;, Ec and vy, Here, Cy; is the intrinsic
gate capacitance per unit area that includes the effect of the
density-of-states (DOS) bottleneck and the quantum-
mechanical nature of the channel carriers. vy, and E. are the
saturation velocity and the critical field intensity of the QW
channel, respectively. Note that (1) is valid from the mobility-



relevant to the wvelocity-saturation regimes under the
assumption that the overall behavior of the channel-carrier’s
drift velocity under the gate with lateral electric field along
the channel direction is represented by an equation of the
form:
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In each rage of L,, gm i may be expressed as (3). For long
gate lengths, it is dominated by Cyi, t4: o and L, per unit area
such as first equation(I) at (3) , and by v, and Cy; in the short-
channel region such as in the second equation(Il) at (3).

D Im_int = Lg_1 * Hefr * Cgi “Vgs — V) = (3)
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Rearranging (1) in terms of 1/L,, we finally obtain.
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It is important to recognize that the left-hand-side (LHS) of
(4) is linearly proportional to the reciprocal of L, and the
corresponding y-intercept is unity. This means that one can
evaluate the carrier transport properties of a QW channel by
investigating the g. i« in the sense of the LHS of (4) and
selecting a certain value of v that results in a condition of
the y-intercept = 1.

Figure 1 illustrates the key technique to evaluate the carrier
transport properties in this paper, where vy, is determined
such that the y-intercept of the LHS loci becomes unity. When
vsar 18 extracted from the fact that the y-intercept = 1, g4, o is
extracted from linearity, as shown in Fig. 1.
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Fig. 1. Illustration of the proposed new methodology to
evaluate the carrier transport properties of an FET.

According to the relationship between the intrinsic
transconductance and the extrinsic transconductance with the
effect of g, considered as in [18]. gm e can finally be
expressed by the combination of the above g int and the g, ex
describing Rs and electrostatic integrity in (5). We used (5) to
project the measured g, .« of fabricated devices with various
value of L, by comparing measured and projected, and it will
be mentioned later.
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RESULT AND DISCUSSION

As a test vehicle in this study, we fabricated Ing s3Gac.As
QW HEMTs as shown in Figure 2. Fig. 2 (a) illustrate the
cross-sectional schematics of Ing 53Gag 47As/Ing 52Alp 48As QW
HEMTs. We fabricated on 3-inch InP substrates using i-line
stepper and E-beam lithography mix-matched. Fig. 2 (b) and
(c) show cross-sectional SEM and TEM images for Ly =1 pm
and Lg = 30 nm with a T-shaped gate using tri-E-beam resist,
respectively. The test devices studied in this paper had a wide
range of Ly from 10 pm to 20 nm. Details on the device
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Fig. 2. (a) A schematic sketch of an Ing 53Gag47As QW
HEMT, (b) cross-sectional SEM image for the fabricated
Le=1 pm, and (c) cross-sectional TEM image for T-gate
with L, =30 nm.

fabrication can be found in [17].

Figure 3 (a) shows g, as a function of the gate over-drive
voltage (Ves— Vr) for Ing 53Gag+7As QW HEMTs with various
gate lengths. Note that g,, is linearly proportional to (Ves— V7)
for long-L, devices, whereas g, becomes independent of the
gate over-drive voltage and L in the limit of very short-Lg
devices. Figure 3 (b) shows a Roy as a function of Lg. Since
Ronv was given by the sum of the source/drain series
resistances(Rsp) and the channel resistance under the
Schottky gate(R.x), Ron of the fabricated devices was scaled
down linearly with L,. Given the g, scaling behavior above,
we are now able to test the proposed technique in the section
‘Theory’. In doing so, the g, i» was extracted as in [18],
considering the effects of the finite output conductance (g,)
that comes from either the channel-length modulation in long-
L¢ devices or the positive shift of Vr with Vps in short-L,
devices. To experimentally extract a value of Cg, we used
high-frequency capacitance-voltage measurements and
correlated them to the theoretical calculations, as in [20].
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Fig. 3. (a) gn against Vs - V1 at Vps = 0.8 V for
Ing 53Gag.7As QW HEMTs with L, from 10 pm to 20 nm,
and (b) Row against L, for various L,.

Figure 4 (a) plots the LHS of (4) against the reciprocal of
L, for the Ing 53Gag7As QW HEMTs. Here, each curve was
constructed for different values of vy, (2x107, 3x107, 4x107,
5x107 and 6x107 cm/s). Fig. 4 (a) shows that all the
constructed curves were linearly proportional to the reciprocal
of L, with a correlation coefficient over 0.99. And the y-
intercept extracted from the linear dependency of each curve
was approaching unity when vy, was around 4 x 107 cm/s, and
it was actually apart from unity for other values of vy. In fact,
the choice of vy, = 4 X 107 cm/s yielded a value of y-intercept
= 1.03. Figure 4 (b) plots the extracted y-intercept as a
function of v, for various gate over-driving voltages, to find
out a value of vy, such that y-intercept becomes unity. Indeed,
there existed a singular value of vy, that led to y-intercept = 1.
For the Ings53Gaps7As QW HEMTs, this condition occurred
exactly for vy, = 3.76 x 107 cm/s at V,, = 0.36 V.
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Fig. 4. (a) LHS of (4) against the reciprocal of L, for various
values of vy ,and (b) the extracted y-intercept against vy,.

At this condition, the effective mobility could also be
extracted from the linear slope, as explained in Fig. 1. This
yielded a value of 4, .y = 10,500 cm?/V-s, which was very
close to a value of Hall mobility (& #ar = 10,000 cm?/V-s) at
300 K, increasing the credibility of the proposed technique in
this work. Historically, vs: is difficult in defining and
measuring from fabricated devices. It has been judged by the

average velocity (vag) under the gate, from the delay time
analysis using high-frequency S-parameter data. Besides, the
In,Ga;.xAs material systems are a direct bandgap
semiconductor with low effective mass for electrons, easily
yielding the velocity overshoot phenomenon at the drain side
of the gate, especially for short gate lengths. However, as we
previously mentioned, the vy, extracted in this work is the
same physical meaning as the velocity saturation
phenomenon in short-channel Si FETs.

As a result, the two velocities fundamentally originated
from different device physics. The extracted values of vy in
this work are larger than those in the literature. This is mainly
due to the In.Ga;,As QW channel with short L, do not
experience Gunn effect, since the transit time (zrr) under the
gate of In,Ga;xAs QW HEMTs is too short for the /7S events
to occur [4, 21].

Finally, Figure 5 compare the measured g, and gy in of
Ing53Gag7As QW HEMTs to the projected ones that were
constructed from (1) with values of v, and u, 5, which were
extracted as in Fig. 4. We compared g, i and gm e With
modeled for Ry = 147 Q- um, Cy = 0.68 uF/cm? with DC
measurement with table in Fig. 5. Both projected
transconductances were in excellent agreement with the
measured transconductances.
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Fig. 5 Comparison of measured (symbols) to projected (lines)
gm and gy, in for the Ing 53Gag7As QW HEMTs at Vps=0.8 V
and Vgs— Vr=0.36 V.

After building the physical and simple model for the g, of
the fabricated devices, we assess the amount of improvement
of g,, that could be achieved by reducing the Rs and enhancing
the carrier transport properties. When Ry is arbitrarily entered
as under 140 Q- um, it becomes more prominent as L, is
scaled down aggressively. Moreover, we can expect
increasing g, would be more dramatic if the carrier transport
properties of the In-rich In,Ga;..As QW channel were used.



CONCLUSION

In this study, for Ing 53Gag47As QW HEMT devices having
a wide range of Lg,, a methodology for deriving carrier
transport characteristics (4, o5, Vsar) can be derived through
analytical g, modeling composed of physical factors Cyi, Lg,
Rs, gm_im, and g, o, simultaneously and can be only used Si
FET formula. So it can be applied to any type of FET. The
proposed technique in this study by comparing the measured
transconductances to those projected with the modeled values
of u, ey and vy Lastly, by using the proposed new
methodology in this work, we can expect further
improvement on g, by enhancing the carrier transport
properties of the in-rich QW channel layer.
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