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Abstract—We carried out Monte Carlo (MC) simulation of
In0.52A10.48AS/In0.53Gaol47AS high electron mobility transistors
(HEMTs) with various shape of buried gate. Especially, we
examined the HEMT with a “realistic” buried gate in which the
tip of gate foot is “round.” We found that the “effective” gate
length is determined by the length of gate foot tip from the
electron velocity profiles and electric field in the channel layer.
Furthermore, the “round” tip of gate electrode is convenient to
prevent breakdown.
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I. INTRODUCTION

InP-based Iny s,Aly43As/In,Ga;As (x > 0.53) high electron
mobility transistors (HEMTs) are one of the most promising
candidates for millimeter-wave (30 to 300 GHz) and sub-
millimeter-wave (300 GHz to 3 THz) applications, since these
material systems provide high electron mobilities, high electron
velocities, and high sheet-electron densities. To achieve higher-
speed operations, reducing gate length L, is a straightforward
method. Besides reducing the L,, the gate-channel distance d
must be reduced to suppress the short-channel effects [1]. To
reduce the gate-channel distance, the buried gate structure is
very effective to achieve high cutoff frequency fr [2, 3]. There
are mainly two methods to reduce d: one is the recessed-gate

technology [4] and another is the gate metal sinking process [5].

In these techniques, the fabricated gate foot is not rectangular,
i.e. the tip of the gate electrode is “round” as shown in Fig. 1
[4]. Therefore, it is very important to grasp electron transport
and potential profile in HEMTs with nonrectangular gate foot.
Furthermore, recent progress in electron beam (EB)
lithography enables us to fabricate sub-10-nm-long gate
electrodes. Therefore, we can fabricate an original shape at the
gate foot tip.

In this work, we carried out Monte Carlo (MC) simulation
of In0,52A10‘48As/ln0'53A10_47As HEMTs with various shape of
buried gate. Especially, we examined the HEMT with a
“realistic” buried gate in which the tip of the gate foot is round.

II. MONTE CARLO SIMULATION

MC simulations were carried out at a lattice temperature of
300 K by using the program, “COSMOS,” developed by
Mizuho Information & Research Institute, Inc. [6]. Figure 2
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shows a model structure of the HEMT with buried gate. We
changed the shape of the buried gate (slanted line region in Fig.
2). The shapes of gate foot are shown in Table I. We used a
three-valley model (I, L, X) with nonparabolicity for the
conduction band structures of Ing 53Gag 47As, Ing 5pAly4gAs, and
InP layers. Ings3Gags;As and IngsAlgssAs layers are lattice-
matched to InP layer. The band parameters of AlAs, GaAs, and
InP were taken from the literature [7, 8]. On the other hand, the
band parameters of InAs were obtained by the calculation
results using all-electron full-potential linearized augmented-
plane-wave (FLAPW) method in the local density
approximation (LDA) [9]. The electron scattering mechanisms
[10, 11] considered were polar optical phonon scattering, non-
polar optical phonon scattering, acoustic phonon scattering,
inter-valley phonon scattering, and ionized impurity scattering.
Dirichlet boundary conditions were applied to all metal-
semiconductor interfaces, and Neumann boundary conditions
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Fig. 1 Schematic cross-sectional view of the HEMT with buried gate (a),
and a cross-sectional TEM image around the bottom of the 25-nm-long T-
shaped gate of the HEMT (b) [4].
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Fig. 2 Schematic cross-sectional model structure of HEMT.

Table I Shape of gate foot (See slanted line region in Fig. 1).

Shape of gate foot
8 nm
Model A
50 nm
F 4 nm
Model B 4 nm
10 nm 30 nm 10 nm
- 4 nm
t 2nm
Model C | 2nm
55 n'm30 nm 5', 5nm
C 4 nm
Model D nm
40 nm 10 nm
4 nm ]
ModelE |4NM
10 nm 40 nm '

(the zero normal derivative of the potential) were applied to
other surfaces. Potential was calculated by the finite difference
method. The time step was set to 0.5 fs. The width of gate foot
was 50 nm.

III. RESULTS AND DISCUSSION

Figure 3 shows the drain-source current vs. gate-source
voltage (I4-V4s) characteristics of Models A, B, and C under a
drain-source voltage Vs of 0.8 V. The /4-V, curves of Models
B and C shift negatively from that of Model A. Note that the
significant difference was not observed between Models B and
C. To clarify the negative shifts in the /4-V, curves of Models
B and C, we carried out MC simulations of Models D and E
(See Table I). The Models D and E are the part of Model B.
Figure 4 shows the /4-V,s characteristics of Models A, D, and
E under a Vg of 0.8 V. The I4-V,s curves of Models D and E
shift negatively from that of Model A. The shift of Ig-Ves
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Fig. 3 Drain-source current vs. gate-source voltage (/g-Vgs) characteristics
of HEMTs (Models A, B, and C). The drain-source voltage Vysis 0.8 V.
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Fig. 4 Drain-source current vs. gate-source voltage (/g-V4s) characteristics
of HEMTs (Models A, D, and E). The drain-source voltage Vyis 0.8 V.

curves of Models D and E are almost half of those of Models B
and C.

To understand the trend of /4s-Vs curves of the HEMTs, we
obtained the electron velocity profile in the channel layer from
source to drain. The electron velocity was obtained by taking
the average for the whole channel depth of 10 nm. Figure 5
compares the electron velocity profiles in the channel layer of
Models A, B, and C under a Vg, of 0.8 V and a Vg of -0.3 V.
There is a velocity overshoot under the gate electrode. Here,
the velocity overshoot regions in Models B and C are smaller
than that in Model A. Figure 6 compares the electron velocity
profiles in the channel layer of Models A, D, and E under a Vy,
of 0.8 V and a Vg of -0.3 V. In the Models D and E, the
velocity in the region under the “dent” is lower than that in the
corresponding region of Model A. From these results, the
“effective” gate length is determined by the length of gate foot
tip. Therefore, the negative shifts in the /4-V,s curves result
from the short-channel effects [1].
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Fig. 5 Electron velocity profiles in the InGaAs channel layer of HEMTs
(Models A, B, and C). The drain-source voltage Vs is 0.8 V, and the gate-
source voltage Vi is -0.3 V.
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Fig. 6 Electron velocity profiles in the InGaAs channel layer of HEMTs
(Models A, D, and E). The drain-source voltage Vs is 0.8 V, and the gate-
source voltage Vi is -0.3 V.
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Fig. 7 Potential profiles in HEMTs (Models A, B, D, and E). The drain-source voltage Vg, is 0.8 V, and the gate-source voltage Ve, is -0.3 V.

Figure 7 shows the potential profiles in the HEMTs of

Models A, B, D, and E under a V4 0f 0.8 V and a Vs 0f -0.3 V.
Figure 8 shows the one-dimensional potential and electric field
profiles along the InGaAs channel layer at y = 0.042 pum in Fig.
7. In Model A, i.e. rectangular gate, the valley of electric field
is the source-side edge of the gate and the peak of electric field
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is the drain-side edge of the gate. On the other hand, the
positions of valley and peak shift according to the positions of
the “dents” for Models B, D, and E. These results also support
that the “effective” gate length is determined by the length of
gate foot tip. Furthermore, the electric field at the gate edge in
Model B is weaker than that in Model A. Therefore, round tip
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Fig. 8 One-dimensional potential profile and electric field along the InGaAs channel layer at y = 0.042 pm in HEMTs (Models A, B, D, and E). The drain-

source voltage Vg is 0.8 V, and the gate-source voltage Vi is -0.3 V.

of gate electrode is convenient to prevent breakdown of
HEMTs.

IV. SUMMARY

In summary, we carried out MC simulation of
Ing 5,Alp 43As/Ing 53Gag4,As HEMTs with various shape of
buried gate. The 4~V curves shift negatively by the existence
of the “dent.” From the electron velocity profiles and electric
field in the channel layer, the “effective” gate length is
determined by the length of gate foot tip. To consider the
“effective” gate length is indispensable for designing device
structure of HEMTs with buried gate to suppress the short-
channel effects. Furthermore, the round tip of gate electrode is
convenient to prevent breakdown of HEMTs.

REFERENCES

[11 A.Endoh, Y. Yamashita, K. Shinohara, M. Higashiwaki, K. Hikosaka, T.
Mimura, S. Hiyamizu, and T. Matsui, “Fabrication technology and
device performance of sub-50-nm-gate InP-based high electron mobility
transistors,” Jpn. J. Appl. Phys., vol. 41, pp. 1094-1098, February 2002.

[2] E.-Y. Chang, C.-I. Kuo, H.-T. Hsu, C.-Y. Chiang, and Y. Miyamoto,
“InAs thin-channel high-electron-mobility transistors with very high
current-gain cutoff frequency for emerging submillimeter-wave
applications,” Appl. Phys. Express, vol. 6, 034001, February 2013.

264

[10]

[11]

D.-H. Kim, B. Brar, and J. A. del Alamo, “f; = 688 GHz and fy.x = 800
GHz in L, = 40 nm Ing;Gay3As MHEMTs with gp max > 2.7 mS/pm,”
IEDM Tech. Dig., no. 13.6, pp. 319-322, December 2011.

A. Endoh, Y. Yamashita, K. Shinohara, K. Hikosaka, T. Matsui, S.
Hiyamizu, and T. Mimura, “InP-based high electron mobility transistors
with a very short gate-channel distance,” Jpn. J. Appl. Phys., vol. 42, pp.
2214-2218, April 2003.

K. Shinohara, W. Ha, M. J. W. Rodwell, and B. Brar, “Extremely high
gm > 2.2 S/mm and fr > 550 GHz in 30-nm enhancement-mode InP-
HEMTSs with Pt/Mo/Ti/Pt/Au buried gate,” Proc. 19th IPRM, TuA2-2,
pp. 18-21, May 2007.

http://www.mizuho-ir.co.jp/solution/research/semiconductor/
devicemeister/montecarlo/index.html.

0. Madelung, Seminonductor — Basic Data, 2nd ed., Berlin: Springer,
1996.

M. V. Fischetti, “Monte Carlo simulation of transport in technologically
significant semiconductors of the diamond and zinc-blende structures —
Part I: homogeneous transport,” IEEE Trans. Electron Devices, vol 38,
pp. 634-649, March 1991.

A. Endoh, I. Watanabe, A. Kasamatsu, and T. Mimura, “Monte Carlo

simulation of InAs HEMTs considering strain and quantum confinement
effects,” J. Phys.: Conf. Ser., vol. 454, 012036, August 2013.

K. Tomizawa, Semiconductor device simulation — Visualization of the
operation of submicron semiconductor devices by simulation —, Tokyo:
Corona, 1996 [in Japanese].

C. Jacoboni and P. Lugli, The Monte Carlo method for semiconductor
device simulation, Heidelberg: Springer, 1989.



