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Abstract— Recent advances in the fabrication technology have
yielded nanometer-scale InGaAs quantum-well (QW) MOSFETs
with extremely low and reproducible external contact and access
region resistances. This allows, for the first time, a detailed
analysis of the role of ballistic transport in the operation of these
devices. This paper presents a systematic analysis of external
resistance, ballistic resistance, and channel mobility in InGaAs
QW-MOSFETs under near-equilibrium conditions, i.e., under
very low drain-source bias. This is an important regime for device
characterization. Devices with a wide range of channel lengths,
from 70 to 650 nm, are investigated. Our analysis includes the
consideration of the impact of carrier degeneracy in the QW
channel. We show that unless the ballistic behavior in the intrinsic
channel is accounted for, the standard extraction technique for
external resistance grossly exaggerates its value as it incorporates
the so-called ballistic resistance. By separating out the ballistic
resistance, the external resistance in our devices is shown to
be extremely low, 74 @-um, including both source and drain
sides. This is thanks to our contact-first self-aligned Mo-contact
technology. Furthermore, taking the advantage of the wide range
of ballisticity of the devices studied in this paper, we demonstrate
a methodology to self-consistently extract scattering-dependent
effective mobility, mean-free-path length, and ballistic mobility.

Index Terms—II1-V, ballistic mobility, ballistic resistance,
near-equilibrium transport, quantum-well (QW) MOSFETS.

I. INTRODUCTION

nAs-RICH InGaAs is a promising channel material for

future CMOS applications due to its superior electron
transport properties. In the last few years, there have been
significant research efforts toward developing the InGaAs
MOSFET technology and unprecedented transistor perfor-
mance has been demonstrated recently [1]-[3]. InGaAs
quantum-well (QW) MOSFETs with a record transconduc-
tance, gm, of 3.1 mS/um were demonstrated by our group
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in 2014 using a self-aligned recessed-gate technology [4]. The
excellent oN-state performance of these devices arises from
our emphasis on minimization of external resistance through
self-aligned design and very low contact resistivity of the
source and drain contacts.

When the channel length of an MOSFET is comparable
with or smaller than the mean-free-path (MFP), near-ballistic
transport is to be expected. In InGaAs high-electron-
mobility transistors (HEMTS), the MFP of 194 nm has been
extracted [5]. Assuming comparable MFP, in nanometer-scale
InGaAs QW-MOSFETs with very low parasitics, the sig-
nature of ballistic transport should clearly emerge, even at
room temperature. At low electric field, ballistic transport
manifests itself in a length-independent channel resistance or,
equivalently, a length-dependent carrier mobility. This effect is
explained using the concepts of ballistic resistance [6]-[8] or
ballistic mobility [9]-[11]. The ballistic resistance has a strong
dependence on the 2-D carrier concentration (Ns). This has
already been observed in very short-channel Si fully-depleted
silicon-on-insulator MOSFETSs [12]. Similar studies have yet
to be carried out in InGaAs MOSFETs even though with
gate lengths in the sub-100 nm regime, these devices should
be operating closer to the ballistic limit than equivalent Si
MOSFETSs. Part of the reason for the absence of such studies
is the requirement that the external resistance should be small
and exhibits a consistent value from device to device.

In this paper, for the first time, we have carried out extensive
characterization of well-behaved InGaAs QW-MOSFETSs with
a total external resistance below 100 Q-xm. We have measured
devices over a broad range of gate lengths with the goal of
studying electron transport from near-ballistic to near-diffusive
regimes. Our work reveals the important roles of ballistic
resistance and ballistic mobility in high-performance InGaAs
transistors. Our results clearly show that in these devices,
quantum-mechanical ballistic transport phenomena must be
taken into account for proper device characterization and
modeling to be performed. Furthermore, our study reveals
that channel carrier degeneracy must be accounted for even
at moderate gate overdrive. This is the result of the relatively
low density of states of the InGaAs channel.

This paper is organized as follows. Section Il describes
the device structure used in this paper. Section |Ill
extracts and analyzes the experimental channel and external
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Fig. 1. TEM cross section of a QW InGaAs MOSFET similar to those
used in this paper. Leff is defined as the length of the flat portion of the gate
directly above the channel.

resistances and explains the importance of ballistic resis-
tance. Section IV extracts the apparent mobility by the split
capacitance-voltage (C-V) method. From this, MFP, long-
channel scattering-limited effective field mobility, and ballistic
mobility are extracted self-consistently and their dependencies
on gate length and degeneracy are investigated. The conclusion
is drawn in Section V.

Il. DEVICE DESCRIPTION

The devices used in this paper and their fabrication
processes have been discussed elsewhere [4], [13]. In essence,
this is a contact-first self-aligned architecture, in which the
channel is recessed using the ohmic contacts as a mask. The
gate recess consists of a combination of dry etch and self-
limiting digital etch to precisely control the critical dimensions
in both the lateral and vertical directions of the device [14].
In particular, our fabrication process yields a channel thickness
control in the scale of ~1 nm.

An example of a device used in this paper is shown in
the cross-sectional transmission electron micrograph (TEM)
in Fig. 1. This device features an effective gate length, Lest,
of 120 nm. The access regions that link the W/Mo contacts to
the channel are each 15 nm long and are covered by an n*
InGaAs/InP cap which makes them highly conducting. The
gate insulator consists of 2.5 nm HfO, that conformably covers
the gate and access regions. The gate metal is also Mo. To help
reduce the device access resistance, a slight overlap is created
between the gate and the n™ cap at the edge of the access
region. Through process optimization, our gate recess yields a
smooth and uniform channel, as shown in Fig. 1. The channel
thickness of all devices in his paper is estimated to be 7 nm
(different from Fig. 1). The channel consists of 2 nm InAs on
the top of 5 nm Ing.7Gag 3As.

Devices with Lef between 70 and 650 nm have been
studied. L is the effective gate length estimated from the
printed gate length by electron-beam lithography and calibra-
tion from cross-sectional TEM images. All device measure-
ments have been taken at room temperature.

111, ANALYSIS OF RESISTANCE

The linear-regime transfer characteristics of InGaAs
MOSFETs with Les from 70 to 650 nm are measured
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Fig. 2. (a) Linear threshold voltage as a function of Leff obtained at

Vgs = 10 mV. (b) Linear-regime transfer characteristics versus gate overdrive,
14—Vgt, at Vgs = 10 mV. Respective Lefr values from top to bottom are 70, 90,
100, 130, 190, 250, 450, and 650 nm.
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Fig. 3. Capacitance and integrated charge density versus Vgt of a 1 um by

10 um device. The split C-V measurement was carried out at a frequency
of 100 MHz. Drain and source contacts are shorted together.

at Vgs = 10 mV. We find that the threshold voltage, W,
changes with Les as a result of short-channel effects
[Fig. 2(a)]. Wt is determined by extrapolating from the max-
imum slope (maximum gm point) of the linear transfer char-
acteristics to I = 0. Typical transfer characteristics versus
gate overdrive, Vgt = Vgs — V4, for Vgs = 10 mV are plotted
in Fig. 2(b).

The C-V characteristics were also measured using the split
C-V method on a device with a gate length of 1 um and
width of 10 um at Vygs = 0 V. A relatively high frequency
of 100 MHz has been used to diminish the influence of inter-
face states, but little frequency dispersion was observed above
1 MHz (not shown here). Gate overlap capacitance obtained
at Vgt = —0.3 V is subtracted from the measured capacitance.
The result is shown in Fig. 3. The channel electron sheet
density is obtained by integrating the capacitance, and is
shown in the same plot.

The oN-resistance of the MOSFETs under varying
gate overdrive was also extracted as Ron = Vgs/lg for
Vys = 10 mV, and is shown in Fig. 4. Ron(0) is extracted by
extrapolating the linear fit of Roy versus Lefs to Lesf = 0. The
least-square method is applied to all linear fits in this paper.
The excellent fits that are obtained illustrate the consistent
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Fig. 4. Ron versus Lefr under different Vigr. Ron(0) is extracted from the
Ron-axis intersect of fitted straight lines.

value of external resistance in these devices. Ron(0) is usually
referred to as Rsp, and is typically attributed to the external
resistance of all devices, which is common to all of them
and independent of gate length. As we shown below, this
interpretation is erroneous under prominent ballistic transport
conditions.

In the long-channel devices, the slope of Roy versus Less is
known to be inversely proportional to the channel carrier
mobility. However, in devices operating in the near-ballistic
regime, this interpretation of mobility requires care. It is
well known that with prominent ballistic effects, this mobility
is the apparent channel mobility, sapp, Which is given by
Matthiessen’s law [10], [15]

L_1,1 "

Happ Heff  UB

In (1), uesr is the scattering-limited carrier (effective) mobility,
or diffusive mobility, i.e., the one that would be measured
in very long-channel devices under purely diffusive transport.
ug is the ballistic mobility [10], [16], which represents the
finite velocity that an electron at rest can acquire in a short,
purely ballistic channel under the influence of a small electric
field. In a 2D system, up is given by [15], [16]

_ v1o LeftF_1/2(n)
201 Foln)

where vt is the nondegenerate unidirectional thermal velocity
in the 2DEG, ¢ is the thermal voltage, kgT/qg, % is the
Blakemore Fermi-Dirac integral of order j, and # is the
reduced surface potential.

The ratio of the Fermi integrals in (2) accounts for channel
carrier degeneracy at high carrier density, Ns, i.e., high values
of Vit and, therefore, . For small values of #, this ratio goes
to 1, as shown in Appendix A.

It can also be shown (Appendix A) that the scattering-
limited mobility can generally be written as

vTo AF_12(%)

ff = ——/—
Helt = 2br — Zo(n)
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Fig. 5. Plot of Roy versus Lefs at a given gate overdrive illustrating different
components of Ron and its overall linear dependence on Lefs. The slope
of Ron Vversus Leff is linearly proportional to 1/ueff, but is not proportional
to uapp (see text).

where / is the carrier MFP which in general also depends on
carrier concentration.
The oN-resistance for a given device is given as

Left
Ron = Rext + ——. 4
N Xt AN 4
Inserting (1) and (2) into (4), we obtain
201 Fo(n) Lefr
= + . 5
Ron = Rext vrogNs #_1/2(7)  peffQNs ©)

The extrapolation of this expression to Lesf = 0 yields Ron(0),
which is given by

Ron(0) = Rext + Re. (6)

Ron(0) is the sum of the external resistance RexT, also known
as parasitic resistance, plus a second term which accounts for
ballistic transport in the channel, and is known as the ballistic
resistance, Rg, as discussed in Section I. Rg is given by

o= 261 Fo(n)
vrogNs Z_1/2(n)’

Fig. 5 shows (5) in graphical form. The straight line is
the total oN-resistance as a function of Les at the same Vg,
or Ns. The slope of Roy versus Les is linearly proportional
to 1/peff, but is not proportional to 1/uapp due to the presence
of ballistic mobility or, equivalently, ballistic resistance. The
proportionality is shown in the equation in Fig. 5 (inset).
Ron(0) is the y-intersection of Roy versus Lefs, which is the
sum of Rg and Rexr.

Our experimental results in Fig. 4(a) exhibit a similar linear
dependence of Ron versus Lg consistent with this theory.
It is also observed that Ron(0) and the slope of the linear
dependence both decrease as Vg is increased. We analyze
these results in detail in the following sections.

Our model for Roy in (5) contains very specific depen-
dencies on Ns (one explicit, but others implicit through the
reduced surface potential). In order to compare this model with
our measurements, we need to properly account for carrier
degeneracy. # and the Fermi integrals can be calculated from

()
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Fig. 6.  Ron(0) from experiment as well as Rg, RexT, and the sum of

Rg + RexT based on modeling equations versus channel electron density.

the measured carrier density [17], [18], given an appropriate
carrier effective mass. In our case, we select m§ = 0.041mg.
Similar values have been obtained from tight-binding calcu-
lations and used in the modeling of InAs and InGaAs QW
HEMTs [5], [19], [20]. The use of this value of mj is further
justified below.

Inserting the obtained .#j(x) along with the value for
vTo (VTo = 2.65 x 107 cm/s) that corresponds to the selected
value of effective mass in (7) allows us to estimate Rg as a
function of Ng in our devices. We can then add the necessary
RexT to provide the best possible match of our experimental
measurements of Ron(0) from Fig. 4. The results of this
procedure are shown in Fig. 6, where a unique value of
Rext = 74 Q-um provides an excellent fit to all experimental
results. Interestingly, this is an extraordinarily small value of
RexT which for our symmetric MOSFET architecture yields,
Rs = Ry = 1/2Rext = 37 Q-um. This underscores the
excellent Mo-based ohmic contact technology and the efficacy
of the contact-first self-aligned architecture of the devices used
in this paper.

In Fig. 6, Rg is larger than Rext for Ns < 3.1x 1012 cm~—2.
Over the entire range of Ns studied here, the ballistic resistance
is never smaller than 70% of Regxt. The fact that the values
of Rg and Rext are comparable over the entire operational
range of these devices cautions that the conventional external
resistance extraction technique that ignores Rg significantly
overestimates Rext and the resulting contact resistivity. This
further leads to an overestimation of extracted intrinsic tran-
sistor parameters by conventional methods [21], [22]. That is
the case of channel mobility, intrinsic transconductance, gmi,
and intrinsic output conductance, ggi.

IV. ANALYSIS OF MOBILITIES

Having determined the correct value for RexT, the apparent

mobility is obtained as a function of carrier density from (4)
p — Leff

PP (Ron — RexT)gNs’

The extracted papp versus Ns from (8) using the data set
in Fig. 4 is shown in Fig. 7 for transistors with different
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Fig. 7. Apparent mobility uapp versus Ns extracted for devices with
different Lefs.
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Fig. 8. Inverse of extracted apparent mobility versus inverse of effective gate

length for the InGaAs MOSFETS at different gate overdrives.

Less values. We find that the mobility drops monotonically
at moderate and high charge density for all gate lengths.
At a given sheet carrier density, the mobility increases with
gate length.

In order to analyze this result, we combine (1)—(3) to obtain

1 1 |: A }
=— |14+ —.
Happ Heff Leff

This equation suggests that theory and experiments can
be compared by plotting the inverse of the extracted appar-
ent mobility against the inverse of the effective gate length
for different gate overdrive voltages (i.e., channel charge).
A straight line relationship is to be expected. This is done
in Fig. 8 and indeed, the experimental results can be fitted
well by straight lines at all gate voltages. From these fits, the
long-channel effective mobility, ueff, can be extracted from the
intercepts with the y-axis. A can furthermore be obtained from
the slope, which is equal to A/uesf. The extracted values for
uefe and A are plotted against channel electron sheet density
in Fig. 9(a) and (b). The extracted ueff in this way is
completely equivalent to that obtained from the slope of Roy
versus Lg, as shown in Fig. 5.

For low carrier concentration, A is 160 nm and e IS
5000 cm?/V -s. As Ns increases, both decrease. At Ns of
5x 1012 cm=2, A is down to 76 nm and et is 1600 cm?/V -s.

9)
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Fig. 10. ueff versus the expected dependence on 4 and degeneracy. The data
follows the model of (3) rather well.

With the procedure followed here, we have separately
obtained uef and A. We can then test the dependencies of
the model of (3). Fig. 10 shows ueff versus the product
of 1 and the ratio of the Fermi integrals. A straight line
through the origin is used to fit the data. The slope of the
line represents vro/2¢7. The fit is fairly good and a vro
value of 2.65 x 107 cm/s is extracted. This is consistent
with the effective mass and the thermal velocity used for the
ballistic resistance calculation. The effect of choosing different
effective mass values is examined in Appendix B.

When uapp and pefr are known, ug can be extracted
from (1). Alternatively, ug can also be equivalently obtained
from the extracted value of Rg in Fig. 6, since Rg and up
are directly related: ug = Leff/(QNsRB). Fig. 11 shows up
versus Lesr for different values of Vg using (1). At a given Vg
(corresponding to a single value of Ng), the data can be
fitted by a line crossing the origin. This agrees with the up
dependence on Less in (2). As the gate overdrive increases,
up decreases. This is expected from (2) since the ratio of
Fermi integrals decreases as Ns and # increase (see graph in
Appendix A). One can check the consistency of this entire data
set by graphing the extracted «g, as a function of the product
of Lefr and the ratio of the Fermi integrals. This, according
to (2) should follow a straight line. Indeed, that is the case,
as Fig. 12 indicates. The slope of the fitting line for Fig. 12

again yields vro = 2.65 x 107 cm/s.
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Fig. 13. Playback of apparent mobility calculated from extracted effective
and ballistic mobilities, for different values of Vgt and Lefr. Good agreement
with the experimental data is demonstrated. Vgt is from 0.2 to 0.6 V.

To complete our analysis, we can use Matthiessen’s law (1)
to combine the extracted values of uefr and w g and graph zapp
as a function of Lesr and Vgt This is shown in Fig. 13. The
horizontal solid straight lines are the effective mobility, uefr,
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which depends on Vg through Ns. The solid straight lines
going through the origin are the ballistic mobility, #g, which
separately depends on Les and Vgt. The dashed lines show the
calculation using (1), which agrees well with the experimental
data (circles) at all values of Vg for all values of Le.

V. CONCLUSION

In this paper, we present an analysis of the impact of
ballistic transport on the linear characteristics (Vgs = 10 mV)
of high-performance InGaAs MOSFETs. We use a model that
includes ballistic transport under near-equilibrium conditions
and accounts for carrier degeneracy in the channel. We show
that the traditional technique of the external resistance extrac-
tion overestimates its value due to the presence of the gate
length-independent ballistic resistance associated with ballistic
transport in the channel. Our model allows us to extract
an external resistance for our InGaAs MOSFETs with Mo
contacts of ~74 Q-um. We also extract the apparent mobility,
the long-channel effective mobility, and the ballistic mobility,
and show that the experimental results are consistent with our
simple first-order model. Our study highlights the importance
of correctly including ballistic effects and degeneracy when
analyzing the characteristics of nanoscale InGaAs MOSFETSs.

APPENDIX
A. Diffusive and Ballistic Mobilities
At low drain voltage, a QW-MOSFET operates under near-

equilibrium conditions, in which the electron diffusion coeffi-
cient in the diffusive limit is given by [11, eq. (3.45)]
VT A
Ditf = T
The unidirectional thermal velocity of electrons, v, is

related to the non-degenerate velocity, vro, through
) F172(n)

Fo(n)
where vrg in a 2DEG system with a single isotropic parabolic
band is given by [17]

(A1)

VT =T (A2)

2kgT

Sk
Mg

V1O = (A3)

where mj is the electron effective mass. For m§ = 0.041mg,
Vo = 2.65 x 107 cm/s, as discussed in Section III.
Carrier diffusivity and mobility are related by the Einstein
relationship including degeneracy is given by
Duif F12(n)
=g ——"——.
Ueff F_172(n)
Combining (Al)—(A4) yields the diffusive-limit effective
mobility, uesf

(A4)

v1o AF-1/2(n)
Ueff = o —(————
201 Fo(n)
This equation relates the effective mobility and the MFP,

and is consistent with [11, eq. (6.33)].2

(AS)

Lin [15] and [23], different expressions relating A with uefs are given,
which are in error. The erratum [24] applies for both [15, eq. (A8)]
and [23, eqg. (D10)].
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Fig. B1. Effective mobility versus the product of MFP and the ratio of the

Fermi integrals. RexT values are matched for the respective effective masses.
For m§ = 0.03mp and m§ = 0.06mg, increasing mismatch is observed when
testing against (3).

The ballistic mobility «g can be obtained by a similar
approach, as is shown in [11]. ug follows a similar form
as ueff except that its associated characteristic length is now
the effective gate length Lefr: g and Rgp are related through
the relationship shown in Section IV

e = V10 Leff-F-1/2(n)

261 Fo(n)

The function .%_y > (). F(y) appears in multiple equations
and brings in the impact of degeneracy. # is uniquely deter-
mined by Ns. .#_1,2()/Fo(n) versus Ns is shown in Fig. Al

for m§ = 0.041mg.

(A6)

B. Role of Assumed Effective Mass

The choice of effective mass impacts the value of the
thermal velocity and the degree of carrier degeneracy for a
given value of V. This propagates through our entire analysis.
This paper assumes an effective mass of mi = 0.041mg, which
was justified in Section Ill. This effective mass value results
in the best matching between the experimental data and the
expected dependence, as shown in Figs. 6, 10, and 12.
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If different values of effective mass are used, we found that
the quality of the matching between experiment and (3) is
degraded. For example, using m§ = 0.03mg or m§ = 0.06my,
Fig. B1, which is similar to Fig. 10, shows that with the
correspondingly adjusted values of RexT, the quality of the
fit calculated by (3) is somewhat decreased compared with
mg = 0.041mo. Nevertheless, even with this £25% variation
in mg, the matching still appears reasonable. Therefore, our
method cannot be used to pinpoint m§ with better than
about +25% accuracy. On the other hand, as shown in the
legend in Fig. B1, the extracted values of RexT, which is one
of the key aims of this paper, are relatively insensitive to the
exact value used for the effective mass.
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