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Abstract — Numerical simulations of IngsyAlg4eASINg7;GagsAYINP HEMTs have been
carried out with a 2D/3D-hydrodynamic model. The investigation of double gate and
striped-channel devices with the same layer structure results in an increase of cut-off
frequencies. At a reduce of gate lengths down to 5 nm short channel effects becomes
important in particular for the single gate device. Transistors with alternative gate
structures can suppress these effects and improve simultaneously the RF-behavior. At a
gate length Lg = 5 nmtransit frequencies of about 690 GHz, 790 GHz and 890 GHz can be
attained with the single gate, striped-channel and double gate HEMT, respectively. Double
pulse-doped devices can achieve THz transit frequencies.
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1. INTRODUCTION

Short channel effects attain increasing importance in
novel In-based high electron mobility transistors
(HEMTSs) at reduced gate lengths in the range less
then 100 nm, if increasing cut-off frequencies are
aspired. On the other hand novel gate concepts are
able to suppress short channel effects and to improve
device performance. In this paper we report about
numerical simulations of HEMTs with different gate
structures. The simulations have been carried out by
our 2D/3D-simulator SIMBA. A brief description of
the simulation model is represented in section 2. After
the presentation of the physical model, which was
used for the simulations, asingle gate HEMT structure
[1] with 25 nm gate length (Lg) was caculated as a
reference structure and for a calibration of the model
parameters. The same layer structure and the same
gate lengths are used in a double gate HEMT similar
to nanoscale MOS concepts [2] as well asin a striped-
channel HEMT [3]. Furthermore the gate lengths of
these structures are reduced down to 5 nm and static
and dynamic simulations have been carried out.

2. SIMULATION MODEL
The numerical simulations are realized by the
hydrodynamic model of the 2D/3D-simulator SIMBA

[4], [5], based on athree-dimensional coupled solution
of Poisson equation
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For the energy relaxation times a model after [6] was
used. The discretization of the system of partial
differential equations is done by a modified finite
differences method (box method). The equation
system is solved for the variables j , p, n, T,, T, with
the Gummel iteration algorithm.

From the results of the static and dynamic simulations
a computation of the small-signal parameters is done
by calculation of the y-parameters as a function of
frequency with the help of recursive relations (Fourier
transformation). In consideration of external layout
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capacities and resistors the RF-parameters current gain
(hp1), maximum stable gain (MSG) and maximum
available gain (MAG) as well as the transit frequency
(fr) and the maximum frequency of oscillation (frax)
can be calculated.

3. RESULTSAND DISCUSSION

First a simulation of an pulse-doped Ings,Alg4sAY
Ing7GagsAdInP HEMT [1] with a gate length
Lg =25 nm was done. The essentia part of the single
gate (SG) device used for the simulation is represented
in Fig. 1. The 2DEG mobility in the Ing;GagsAs
channel is 10000 cm?*V's at room temperature. The
gate-to-channel spacing of the recessed gate amounts
4 nm. For the source and drain contacts resistive
regions with typical values of 0.03Wsnm are
assumed.
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Figurel: Singlegate HEMT structure

Fig. 2 shows the calculated output characteristics as
well as measured results [1]. The threshold voltage
amounts about -0.4V. The maximum transconduc-
tance of Ommax = 1300 MS/mm corresponds to the
experimental value (1230 mS/mm).
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Figure 2: Output characteristics (SG-HEMT)

The RF-gains are plotted in Fig. 3 in comparison with
experimental data. The calculated cut-off frequencies
fr =570GHz and fx =350 GHz agree with the
measured values f1 = 560 GHz and f,a = 330 GHz.
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Figure 3: RF-gainsvs. frequency (SG-HEMT)

As dternatives to the SG-HEMT, transistors with
different gate structures have been investigated. The
double gate (DG) HEMT has an additional bottom
gate at the backside of the channel, which could be
fabricated by a replacement process similar to [2]. The
relevant part of the structure used for the simulation is
depicted in Fig. 4.

2 ym
Le
10 nm - Ing Al 46AS d-doping

3 nm - Ing,Aly4AS (5x10%2 cm?)

12 nm - Iny,Ga, ;As

10 nm - Ing Al 46AS

Figure4: Structure of thedouble gate (DG) HEMT

For the bottom gate a gate-to-channel aspect ratio of
2.5 was assumed. At the striped-channel (SC) HEMT
the gate width (W) is limited to small values at both
sides of the third device direction by an additional gate
recess (similar to [3]). So a horizontal electron
confinement (1DEG-like behavior) occurs. For the
device a parale connection of several stripesis done.
Fig. 5 shows the cross section of the device (one strip)
in the centre of the gate.
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Figure5: Structure of the striped-channel (SC) HEMT
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Due to the symmetry only half of this structure was
used for the simulation. For the gate width a value
W =100nm was assumed. In this case a 3D
simulation is necessary. The output characteristics of
the HEMTs with the three different gate structures are
represented in Fig. 6.
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Figure 6: Output characteristicsfor the different gate types

The short channel effects (saturation output
conductance) are reduced obviously for the DG- and
SC-HEMT due to the enhanced charge control. The
threshold voltage increases from Vy, = -0.4 V for the
SG-HEMT to 0V (SC-HEMT) and 0.15V (DG-
HEMT). Furthermore the maximum of transconduc-
tance rises from about 1350 mS/mm to 1600 mS/mm
and 2550 mS/mm for the SG, SC and DG device,
respectively. Consequently an improved RF-perfor-
mance of the double gate and striped-channel
transistors compared to the single gate device can be
determined. The cut-off frequencies amount
fr=590GHz, f.x=480GHz (SC-HEMT) and
fr = 640 GHz, fax = 530 GHz (DG-HEMT).

In the following the gate lengths of the different
structures are reduced to 15 nm, 10 nm and 5 nm. Due
to the very short gate-to-channel spacing (4 nm) of the
recessed top gate, this distance remains unchanged.
The gate-to-channel aspect ratio of the bottom gate
(DG-HEMT) is hold on the constant value 2.5. Fig. 6 -
Fig. 9 represent the output characteristics for the
different gate lengths at each case for single gate,
striped-channel and double gate device. In particular
a gate lengths in the range of 10 nm and smaller the
saturation behavior of the SG-HEMT (Fig. 6)
disappears and the pinch-off characteristic is
diminished. Saturation behavior of the striped-channel
HEMT can be recognized also at Lg = 10 nm (Fig. 8),
whereas the double gate transistor (Fig. 9) results in
the best suppression of short channel effects. In Fig.
10 the threshold voltage is represented as a function of
the gate length for the different structures. The
dternative gate constitutions can be avoid large
threshold voltage drops at smaller gate lengths.
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Figure7: Singlegate HEMT output characteristicsfor different

gatelengths
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Figure8: Striped-channel HEMT output characteristics for
different gate lengths
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Figure 9: Double gate HEMT output characteristicsfor
different gatelengths
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Figure 10: Threshold voltage for different gate lengths

The RF-results are summarized in Fig. 11. Reduced
gate lengths results in increasing RF gains and
consequently in increasing cut-off frequencies. At a
gate length Lg=5nm transit frequencies of about
690 GHz, 790 GHz and 890 GHz can be attained with
the single gate, striped-channel and double gate
HEMT, respectively.
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Figure11: Transit frequenciesfor different gatelengths

For a further improvement of device performance a
double pulse-doped layer structure with a gate length
of 10 nm was investigated. The channel thickness was
reduced to 10 nm. The sideway gate recess of the
striped-channel device was increased to improve the
control behavior of the lower electron gas. The drain
current was increased by the factor 25 to 3 compared
to the single pulse-doped structure. The increase of the
transconductance by the factor 2.7 of the DG-HEMT
is more significant as in the case of the SG and SC
transistor (factor 1.3). As a consequence the DG
device shows a more important rise of the RF-gains
(see Fig. 12). The calculated transit frequencies are
1270 GHz, 860 GHz and 790 GHz for the DG, SC and
SG-HEMT, respectively. So the devices have the
capability for application in the THz range.
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Figure 12: Current gain of double pulse-doped HEMTs

4. CONCLUSION

Numerical simulations of ultra-short channel HEMTs
with single gate, striped-channel and double gate
structures and gate lengths down to 5 nm have been
carried out. Alternative gate concepts can reduce short
channel effects and improve RF performance.
Optimized double pulse-doped devices are able to
work in the THz range.
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