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Figure 1. III-V XOI CMOS. (a) Process schematic for the heterogeneous integration of InAs and InAs/InGaSb/InSb XOI on a Si/SiO, substrate.
(b) Atomic force micrograph of transferred InAs and InAs/InGaSb/InAs NRs, located adjacently. (c) Schematic representation of a top-gated
CMOS inverter with InAs (n-type) and InGaSb (p-type) active layers, having 10 nm of ZrO, as the top-gate dielectric.

Figure 2. Performance of p- and n-type XOI MOSFETSs. (a) Optical image (center) of a fabricated III—-V CMOS inverter and the corresponding
SEM images of each channel region (left: InAs; right: InAs/InGaSb/InAs). (b) Output and (c) transfer characteristics of p- (left axis) and n- (right
axis) MOSFETs.

(1.6 um thick, thermally grown) substrates with a PDMS slab. It should be noted that as indicated in our previous report,
The InAs/InGaSb/InAs stack layer was transferred first, and the role of InAs cladding layer on InGaSb body is 3-fold."
covered by photoresist (PR) with proximate regions patterned First, it protects the highly reactive InGaSb layer which can be
by photolithography for the subsequent InAs NR transfer. Next, severely oxidized in ambient air. Second, it provides dopant-
the PR is removed in acetone, leaving behind InAs and free, low-resistance contacts by forming type-III band alignment

InAs/InGaSb/InAs NRs only at the predefined locations. Figure at the InGaSb/InAs heterojunction underneath the metal

1b shows the atomic force micrograph (AFM) of the transferred contacts. Finally, it compresses the InGaSb channel biaxially
NR arrays scanned near the region where the two different and hence enhances the hole mobility. This heterostructure

channel materials are adjacently located. Figure lc shows the presents an important advance for realizing high performance

-V p-FETs on Si substrates."”
device schematic of the top-gated XOI transistors, configured as Fi P S On Sf SubsHaes . .
. . . : igure 2a shows the optical and scanning electron micro-
a CMOS inventor. For device processing, the source/drain

scope (SEMs) images of a CMOS inverter fabricated on a
(S/D) electrodes were first defined by electron-beam (e-beam) Si/SiO, substrate. Here, the circuit is composed of an InAs

lithography, followed by Ni evaporation (thickness, 30 nm) and n-MOSFET and an InAs/InGaSb/InAs p-MOSFET. The
lift-oft. Atomic layer deposition of ZrO, gate dielectric n-MOSFET is composed of 3 NRs, with each NR having a
(thickness, 10 nm), e-beam lithographic patterning of the gate width and channel length of ~340 nm and 2.85 um, res-
electrodes, Ni gate deposition (thickness, 30 nm) and lift-off pectively. The p-MOSFET has 9 NRs with a NR width
complete the device fabrication. and channel length of ~200 nm and ~2.6 um, respectively.
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Thus, the effective channel widths are ~1 ym and ~1.8 ym for
the n- and p-MOSFETS, respectively. We note that different numbers
of NRs (i.e., different channel widths) were chosen to achieve
near symmetric pull-up and pull-down in the CMOS inverter,
given the known difference in the mobility of InAs** and
InGaSb XOI FETs."” Figures 2b and 2c show the I;—V; and
13—V, curves for both n- and p-MOSFETs. The output char-
acteristics in Figure 2b clearly show closely matched current levels
between the two transistors. Next, using the I;—V, data in
Figure 2c, the effective carrier mobility of both devices were
extracted based on the relation, p 4 = Lg[T/V'RChCo,((Vg — Vg —
0.5V,)]™", where L, is the channel length, Wis the total channel
width, Ry, is the channel resistance, C,, is the gate-to-channel
capacitance, Vy is the threshold voltage, and drain voltage, 1Vl
is biased at 50 mV. The Vi values at [Vl = 50 mV are —0.09 V
and 0.25 V for p- and n-MOSFETs, respectively as obtained by
linear extrapolation of I; — V, data. Approximately, 3-fold
higher peak mobility, ft.g, ~1190 cm? /Vs, was obtained in the
InAs (thickness, 8 nm) n-MOSFET as compared to InAs(2.5
nm)/InGaSb(7 nm)/InAs(2.5 nm) p-MOSFET with peak hole
mobility of y.g, ~370 cm® /V:s. Although hole mobility up to
~800 cm*/V-s can be achieved in the thicker body InGaSb
(15 nm) XOI FETs," here, we employed thinner body InGaSb
layers to obtain enhancement-mode FETs with Vi < 0. The
subthreshold swing (SS) values at Vgl = 0.5 V, defined as SS =
—[d(log Id)/dVg]'l, are ~156 mV/dec and ~84 mV/dec for
p- and n-MOSFETSs, respectively. The modest SS value for the
p-MOSEET is attributed to higher density of interface states
(at InAs/InGaSb and InAs/ZrO,) in addition to reduced gate
coupling to the InGaSb body due to InAs capping layer."
The Ion/Iogr ratio for p- (n-) MOSFET is ~10* (10°) when
the devices are biased between Vg = 0 and +0.5 V, which is
increased to ~10* (10°) when they are biased between Vg =
—0.5 and +0.5 V, measured at V4l = 0.5 V. We note that the
gate leakage currents were below 10 pA for all the devices.
Next, CMOS inverter performance was investigated using
the fabricated device shown in Figure 2a. Figure 3a shows the

a 10 15 b g S
NL:0.38V,,,NH:0.42V, | 14 MR-
NLi0.33V__ NH:0.48V, r . _ ]
0.8 L:t_).34v:: NH:0.47V, | 12 —~12} P Voo = 0.75Y
| - >"10 i . —=—V,, =1.0V 1
< 0.6} L Ve 19T L
< . PFET| = E 8l I
>°0.4f "‘E V.16 £ 3Z gf M./'_
nFET = 4 --T.\f |
| = ] © T R
0.2 B 3 o o .,-E !
“ Q N S .. (118 ‘ 4
00 02 04 06 038 1.0 0.0 0.2 0.4 0.6 0.8 1.0
v, (V) v, V)

Figure 3. III-V CMOS inverter. (a) Transfer characteristics of a
CMOS inverter, measured at different supply voltages (Vpp). Inset
shows the circuit diagram for the fabricated inverter. (b) Inverter gain
(dV,/dV;,) dependence on the input voltage.

inverter voltage transfer characteristics and switching current
Ipp for different supply voltage, Vpp = 0.5, 0.75 and 1.0 V.
The inset in Figure 3a demonstrates the circuit diagram for
the CMOS inverter, which is composed of one p- and one
n-MOSFET, connected in series. At low input voltage (V;,)
(logic “0”), the output voltage (V) is pulled-up to Vpp, (logic “1”).
The noise margins of NH = 0.38 Vp, and NL = 0.42Vp, were
obtained at Vpp = 0.5 V, where NH and NL are the high- and
low-state noise margin, respectively. Figure 3b shows the gain
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characteristics (AV,,/AV;,) of the CMOS inverter. A gain
of >11 is obtained at Vpp = 0.5 V, which gradually improves
with Vpp.

To further demonstrate the logic operation of III-V
complementary MOSFETSs, we fabricated a NAND logic gate.
The NAND-gate logic was realized by connecting two InAs n-
MOSFET: in series and two InAs/InGaSb/InAs p-MOSFETSs
in parallel (Figure 4a). During the measurement, a constant
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Figure 4. III-V CMOS NAND logic gate. (a) Circuit schematic of a
CMOS NAND gate. The circuit is designed by connecting two
p-MOSFETs in parallel and two n-MOSFETs in series. (b) Output
voltage V., for four different combinations of input states “0 07,
“0 17, “1 07, and “1 1”. The output is in the “low-state” only if the
inputs are “1 1”. Note: Input voltages of +0.5 and —0.5 V are treated
as logic “1” and “0”, respectively. The supply voltage (Vpp) for the
circuit is 0.5 V.

Vpp= 0.5 V was applied with two input voltages of V, and Vg =
+ 0.5 V. Here, the logic “0” (“1”) input corresponds to —0.5 V
(+0.5 V). The result from the NAND gate operation is shown
in Figure 4b. Namely, when either one or both of the
p-MOSFETs are in the “low” state, the V is Vpp = 0.5V,
corresponding to logic “1”. Only when both of --MOSFETs are
in the logic “1”, the output becomes logic “0” (V,,. # GND).
This representative result highlights that more complicated
logic circuits can be realized using the similar approaches.

While in this work, both n- and p- channel materials were
assembled on the same device layer, in the future, three-
dimensional assembly of III-V XOI materials need to be explored
in order to present a more practical pathway for achieving a high
density of device fabrication and processing on the same chip.>~>
In this proposed approach, an insulator layer is deposited after
each IMI-V layer transfer.

In conclusion, we have successfully demonstrated the first
III-V CMOS circuits on Si handling wafers using a two-step
epitaxial layer transfer technique. The n- and p- channel
materials were specifically chosen to deliver the highest carrier
mobilities. As a proof-of-concept, CMOS NOT and NAND
logic gates are demonstrated. The work here demonstrates an
important advance in the field of III-V electronics, and shows
the versatility of the layer transfer technique for obtaining
heterogeneous III-V electronics on conventional Si substrates.
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