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ABSTRACT An Ings53Gag47As/InAs composite channel MOS-HEMT exhibiting peak f; = 511 GHz and
peak fmax = 285 GHz is demonstrated. Additionally, another device exhibiting peak f; = 286 GHz and
peak fmax = 460 GHz is reported. The devices have a 1 nm / 3 nm Al,OyN, interfacial layer and ZrO,
gate dielectric on a 2 nm / 4 nm Ing53Gag47As / InAs composite channel with a modulation doped
Ings2Alp4gAs back barrier. To reduce parasitic gate-source and gate-drain capacitances, a modulation
doped Ing 50Alp.4g8As / Ing 53Gag.47As / InAs composite quantum well is included between the gate edges
and the N+ source and drain. Compared to the work of Wu et al., addition of an Ing 57 Alg 48 As back-barrier,
scaling of S/D metal spacing, and scaling of channel thickness has enabled improved transconductance
and increased f;. Short gate length devices fiax are limit by high Rg due to poor metal filling of the
T-Gate stem and large Cps due to a conductive etch stop layer. Long gate length devices exhibit better
metal filling, reduced R, and balanced f, fmax. Devices exhibit 10-15% DC-1 GHz g, , suggesting that
the high-k / semiconductor interface has low Dj;.
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(Member, IEEE), SIMONE TOMMASO SURAN BRUNELLI, ARANYA GOSWAMI,

I. INTRODUCTION

InP-based transistors are of interest for future high-frequency
communication systems [2]-[3]. High f; is important for
future low noise, mm-wave communication systems [4].
State-of-the-art InP based HEMTs exhibit 610 GHz f; [2]
and 703 GHz f;, [5]. Further scaling of f; requires higher
gm.e Which requires larger gate-channel capacitance Ccp.
Minimum IngspAlg4gAs gate-insulator thickness is limited
by gate leakage current; high-k gate dielectrics truncate
thermionic leakage current and reduce tunneling current at
a given thickness while increasing the dielectric permittiv-
ity in the gated region providing a path forward. We report
record f; = 511 GHz for MOS-HEMT technology [1], [6].
While this technology has yet to surpass the maximum
reported f; of standard InP-based HEMTSs [7], improve-
ments in the access region design, optimization of channel
design [8], and further scaling of the gate dielectric can

further increase g, .. Specifically, VLSI-optimized III-V
MOSFETs have demonstrated extremely high gp,. of
3.0 mS/um [9] and 3.45 mS/um [10], even at the relatively
small Vpg = 0.5 V and small (Vgs — Vr) associated with
VLSI operation; larger g, . would be expected at larger
voltages [1]. We report improvements to [1] achieved by
including an Ing s52Alp4gAs back-barrier (increase g ;) and
reducing the source-drain metal spacing from 5 um to 2 um
(decrease Rg). These improvements yielded an increase of
DC gm, = 1.5 mS/pm to 2.2 mS/pum and an increase of
fr =357 GHz to 511 GHz. Short-gate length devices fax
is limited by Rg > 10 Q.

1l. DEVICE FABRICATION

Devices were fabricated on a (100) semi-insulating InP sub-
strate. The starting epitaxial structure, shown in Figure 1,
was purchased from Intelligent Epitaxy. From substrate to
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FIGURE 1. Schematic of the RF-MOSFET process flow: a) Buffer and
channel epitaxy b) Dummy gate and modulation doped access region

regrowth c) Second dummy gate and N+ source/drain contacts d) High-K
deposition, T-gate metallization, and source/drain metallization.

air the grown layers are: 200 nm UID- Ing s5pAlg 43As buffer,
20 nm UID-InP etch stop, 100 nm UID-Ing 5pAlp 4gAs, 3 nm
modulation doped Si:Ings2Alg4gAs (1 x 10°em™3), 3 nm
UID-Ing 50Alp.4gAs spacer, 3 nm / 4 nm / 5 nm UID-
Ing 53Gag47As / strained UID-InAs / UID-Ing 53Gag 47As
composite channel. The IngsyAlp43As has a larger conduc-
tion band-offset (CBO) than InP to the Ing 53Gag.47As / InAs.
Larger CBO enables more (Er — E1) beneath the gate, cor-
responding to higher (Vgs — Vry) and increased ballistic
gmi [11].

The gate recess was defined using an electron beam lithog-
raphy (EBL) exposure of hydrogen silsesquioxane (HSQ).
The lithographically defined gate recess defines the mini-
mum metallurgical gate length, as illustrated in Figure 2.
Gate lengths of devices to be discussed are defined with
respect to the lithographically defined gate length, drawn in
HSQ, as well as the direction of conduction: Device 1 is
L, =8 nm (011) conduction, Device 2 is L =22 nm (011)
conduction, and Device 3 is Ly = 90 nm (011) conduction.

After developing HSQ, one cycle of digital etching in
HCI:H;0 1:10 was done immediately before loading into
the metal organic chemical vapor deposition (MOCVD)
chamber. A modulation doped InP link region was then
grown at 600°C: 3 nm UID-InP spacer, 2 nm Si:InP
(1 x 10"cm=3) modulation doping, 15 nm UID-InP cap.
Hall measurements were performed on simultaneously pro-
cessed samples without dummy gates and yielded electron
sheet carrier density and mobility of n; = 2.5 x 10'> cm—2
and puz = 11,000 cm?/Vs. The high mobility suggests that
the strained InAs is not relaxed. The sheet carrier concen-
tration is lower than that reported in [1] but the mobility
doubling results in similar link region sheet resistivity (or).
The first dummy gate is then stripped in BHF and the second
dummy gate defined by the same HSQ EBL process. The
second dummy gate is made to be 100 nm larger than the
first, providing symmetric 50 nm gate-source and gate-drain
recesses. A single digital etch in HCI:H,O 1:10 was again
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FIGURE 2. TEM cross-section of a) Lg = 22 nm device and faceting
exhibited for b) (011) conduction device c) (011) conduction device
(separate sample).

performed immediately prior to re-loading into the MOCVD
chamber and re-growing 60 nm N+ Ing53Gag47As (target
4 x 10" cm~3) source-drain regions.

The growth steps define the source-drain recess and gate
recess. Post-growth steps define the mesa width (W), the
T-Gate footprint, and source-drain metal spacing. Devices are
mesa isolated by selective wet etching. The Ings53Gag47As
channel cap was then thinned by 3 cycles of digital etch-
ing in dilute HCl. A BHF dip was done immediately
prior to loading into the ALD where the channel surface
was passivated using 9 cycles of N»-plasma and trimethyl-
aluminum (TMAI) followed by 40 cycles of H,O and
tetrakis(ethylmethylamido) zirconium(IV) (TEMAZ). The
sample was then annealed at 400°C for 15 mins in form-
ing gas to passivate dangling bonds at the semiconductor /
high-k interface. A two-step T-Gate EBL exposure is used
to realize sub-100 nm T-Gate footprints. CSAR 62:Anisole
1:1 was spun and exposed at high dose and developed in
amyl acetate, defining the T-Gate foot. Samples were then
coated in UV6, exposed at low dose, and develop in AZ300-
MIF to define the T-Gate head. Ni / Au 30 / 300 nm T-Gates
were then thermally evaporated and lifted off. The T-Gate
foot-width (Lrgr) is larger than L, to allow for re-alignment
tolerance. Source-drain vias were then exposed and the high-
k removed using BHF. Finally, Ti / Pd / Au 20 / 20 / 100 nm
pad metal was electron beam evaporated and lifted-off.

Figure 2 shows the TEM cross-section of device 2.
The T-Gate and dummy gates are aligned very well with
minimal parasitic gate metal overlap outside of the intrin-
sic gate recess. The faceting observed at the gate edges
depends on the device orientation. Devices with conduction
in (011) generally have steeper facets resulting in lower
extrinsic gate source fringe capacitance (Cgs,r) and higher
fr. This likely due to the formation of {011} facets at
the dummy gate edge of (011) conduction devices dur-
ing regrowth. Channel thinning by isotropic digital etching
prior to high-k deposition causes the facet edge to round, as
seen in Figure 2c. The ZrO; and Al,OyN; interfacial layer
thicknesses were determined by cross-sectional TEM to be
tox = 2.09 nm =+ 0.26 nm and ¢#;;; = 0.80 nm = 0.11 nm. The
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FIGURE 3. Transfer and output characteristics for representative devices.

dielectric permittivity’s are estimated to be &, i,y = 10 and
&r.ox = 22 from [12] corresponding to an EOT = 0.69 nm.

11l. DC PERFORMANCE

Figure 3 shows the transfer and output characteristics of
three representative devices: Device 1 (peak f;), Device 2
(peak gm..), and Device 3 (peak fiax)-

Device 2 exhibits a peak DC transconductance (g, ) of
2.23 mS/pm at Vpg = 0.5 V and Vg = 0.3 V. All devices
exhibited large I, ~ 1WA /um, independent of gate length,
due to parallel leakage through the 20 nm UID-InP etch stop
layer. The minimum subthreshold slope is convoluted with
the leakage and cannot be used to infer dielectric quality.
Instead, comparison of DC and RF g, , must be used. At
Vpbs = 0.5 V and Vgg = 0.3 V, device 2 exhibits g, . of
2.53 mS/pm at 1 GHz. This small deviation suggests low
Dj; and a high quality high-k gate dielectric. The off-state
leakage can be reduced by eliminating or thinning the UID-
InP etch stop. Excellent gate leakage I < 1077 mA/pm?
is observed, shown in Figure 4a. Peak transconductance is
observed at Vgg =~ 0.4 V for long gate length devices, shift-
ing to 0.3 V for short gate length devices due to short-channel
effects. Peak DC g ¢ is observed to saturate for L, < 50 nm
and only moderately decreases for Ly < 20 nm suggesting
excellent electrostatics, shown in Figure 4b.

Two sets of TLMs are used to estimate source resistance
(Rs): The first measures the contact resistance of metal to
N+ InGaAs (R¢) and the film resistance of the N+ InGaAs
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FIGURE 4. a) gate leakage and b) gate length series of peak DC
transconductance.

(Ry), while the second measures the vertical access resis-
tance from the N+ InGaAs, through the modulation doped
InP to the composite channel (R4) and the link quantum
well resistance (Rr). The film resistances, normalized to gate
width, are Rc = 82 - pum, Ry = 21Q - um, Ry = 69 - um,
Ry = 13Q2 - pm for a total Rg = 1112 - wm. Ry was reduced
from [1] by reducing the source-drain metal spacing from
5 wm to 2 wm. It is unclear why Ry is significantly lower
than in our previous work [1] given that the N+ sheet resis-
tance and Rc are comparable suggesting similar doping in
the source-drain regions.

IV. RF PERFORMANCE

S-parameters were measured from 250 MHz to 67 GHz
using on-wafer probing and —25 dBm port power. Prior to
measurement, off-wafer load-reflect-reflect-match calibration
was done. On-wafer open and short-circuit pad parasitics
were de-embedded from the transistor measurements. f; and
fmax are determined by fitting the —20 dB/dec roll-off of
Hj; and U from 10 GHz to 30 GHz and 40 GHz to 50 GHz
respectively. The order of pad extraction (open first vs. short
first) only minimally changes the transistors extracted 2-port
parameters [13], with the extracted f; and fiax changed by
less than 6% and 12% respectively. The paper quotes the
results of the more pessimistic extraction. Substrate dielec-
tric mode coupling at f > 30 GHz creates artifacts in
U. The measured unilateral power gain (U), maximum stable
and available gain (MSG/MAG), and current gain (Hy;) are
shown in Figure 5 for the representative devices biased for
peak fr, fmax. Contour plots of the figure of merit (FOM) of
interest for each device are also shown. Devices are 2 finger,
W, = 20pm for a total gate periphery of 40 pwm.

Small signal equivalent circuit parameters for the intrin-
sic devices were extracted by fitting Y- and Z-parameters,
as reported in [14]. Figure 6 shows the extracted FOMs,
capacitances, gate-resistance, transconductance, and gate
conductance. From Figure 6a, (011) conduction devices gen-
erally exhibit larger than f; than (011) conduction devices.
Figure 6d shows that g, . is independent of orientation while
Figure 6b suggests that Cgs and Cgp are moderately smaller
for (OTI) devices, explaining the moderate improvement in
fz. Power-gain cut-off frequency (fmax) increases as the gate
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FIGURE 5. Output and FOM contour with fitted FOM of interest for
representative devices.

length increases despite decreasing f;. Drain conductance
(Gps..) increases with decreasing gate length due to degra-
dation of electrostatics. Devices oriented in (011) exhibit
larger Gps, due to the increased separation of overlapping
T-Gate metal to link 2DEG. The overlapping T-Gate metal
likely modulates the 2DEG to a lesser degree than the intrin-
sic channel. Gps,. degrades from 0.2 mS/pum at L, = 80 nm
to 0.6 mS/um at L, < 20 nm. Extraction of Gpg is diffi-
cult due to the parallel source-drain leakage which manifests
itself as a parallel resistor. Figure 6¢ shows that short gate
length devices exhibit Rg > 10 2, often > 20 2, severely
limiting fmax-

The small signal equivalent circuit fit to the S-parameters
measured from device 1 is illustrated in Figure 7. The leaky
etch stop layer requires a large series Cps and Rpeqr to
fit imag(Y>;). Because Rp.qr is comparable to 1/Gpg, it is
difficult to accurately determine the specific value of either.
A series L-R network is needed to fit the low frequency Y27
source-drain conductance. This is necessary at large Vpg
where impact ionization or band-to-band tunneling at the
gate-drain edge results in low-frequency dispersion [1]. The
fitted L/R time constant is 18 ps which is half that reported
in [1].
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FIGURE 7. Equivalent circuit used to fit S-parameters of Lg =8 nm o11)
conduction device at peak f; bias Vgg =0.20V, Vpg = 0.70 V.

Compared to [1], f; is improved due to the larger g ;
while fmax of short channel devices is limited by large Rg.
Better T-Gate metal filling on longer gate length devices
enables balanced f;, fmax. Transconductance is nearly con-
stant for L, < 80 nm because of the thick channel and
associated long electron mean free path. Cgp ~ 0.2 fF/um
is consistent with [1] and [10] while Cgg is higher than [10]
due to the larger insulator capacitance and thinner chan-
nel. Cgs is lower than [1] because of the thicker channel.
Because the T-Gate footprint (L7gr) is larger than the chan-
nel recess, and because Lygr is not scaled with each L, it
is non-trivial to extract the intrinsic and fringe capacitances.

V. CONCLUSION

Record f; = 511 GHz for composite-channel metal-
oxide-semiconductor high-electron-mobility-transistors
(MOS-HEMT) has been demonstrated. Further scaling
of our previously reported devices resulted in improved
Rs and g, . yielding increased f; though poor T-Gate
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metal filling resulted in large Rg that limited power gain
in short L, devices. The improved performance suggests
that MOS-HEMTSs are promising candidates for mm-wave
applications. Further improvement in the transistor DC and
RF FOMs can be realized by further scaling the high-k
dielectric thickness, reducing the source-drain metal spacing,
optimizing the channel thickness, and improving the T-Gate
metallization process. Reducing the gate resistance of the
short-L, devices should substantially increase fq, from
285 GHz.
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