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Abstract

In this work, the effects of bis(trifluoromethane) sulfonimide (TFSI) (a superacid) surface treatment on electrical proper-
ties of nickel/InAs contacts and InAs material are investigated with transmission line measurements (TLMs). After TFSI
treatments on bare InAs TLM patterns, the contact resistance between InAs and Ni contact increased. While for InAs TLM
structure passivated with a ZrO, thin film, the total resistance of InAs decreased drastically after TFSI treatments. X-ray
photoelectron spectroscopy measurements revealed that the TFSI reduced the indium oxide at the InAs/ZrO, interface. This
novel passivation method can be adopted in III-V semiconductor device fabrication process to reduce contact resistance and,
therefore, enhance device performances, providing a new guidance for III-V fabrication process technology.

1 Introduction

InAs-based devices have the potential to become the next
generation of low-power and high-speed devices due to the
unique features of InAs such as high electron mobility and
narrow bandgap [1-3]. InAs has already been applied in
RF devices such as planar high-electron-mobility transistors
(HEMTs), although they suffer from high leakage current [4]
due to its narrow bandgap. This shortcoming impedes the
application of InAs in MOSFETs. With recent developments
in the 3D architecture of FinFETSs, more robust gate control
is possible and the leakage current can be brought down to as
little as 400 pA/pm [5], enabling InAs to be used for highly
scaled logic devices.

Integration of InAs compound semiconductor devices on
silicon to realize complementary metal-oxide—semiconduc-
tor field-effect transistor (CMOS)-compatible technology
has been a very challenging topic. There are a couple of
promising approaches to achieving III-V hetero-integration
on Si. One approach is to use buffer layer on Si to directly
grow III-V materials and another approach is a selective
transfer of epitaxial InAs to the Si/SiO, surface. Although
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the transfer method prevents the lattice mismatch issue
between III-V materials and Si, the quality of the material
interfaces and the electrical properties of metal/IlI-V mate-
rial contacts are still under investigation. Abundant surface
or interface treatment methods using gases such as H,/N,
anneal, H,S anneal, CF,/O, plasma annealing, thermal oxi-
dation and so on have been applied to improve the surface
quality of semiconductors and their contacts with metals
[6-15]. Additionally, various types of wet solutions have
also been employed to treat the III-V semiconductor sur-
faces [16—19]. Bis(trifluoromethane) sulfonimide (TFSI) is
one of the organic acids, which has extremely high Hammett
number (~10'° times higher than nitric and sulfuric acids)
and is a promising chemical candidate for surface treatment.
Recently, TFSI was used to demonstrate near-unity photo-
luminescence quantum yield in MoS, by Amani et al. [20].
To the best of our knowledge, no study has been reported on
TFSI as a surface treatment methodology for III-V materi-
als. In this paper, for the first time, we investigate the effects
of TFSI surface treatment on the InAs surface as well as
Au/Ni/InAs contacts with transmission line measurements
(TLMs).

2 Experimental details
InAs TLM patterns were fabricated on Si/SiO, sub-

strate. Epitaxially grown single-crystal InAs films on
GaSb substrate were used as donor substrate during the
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Fig. 1 a Schematic of InAs
nano ribbons; b TLM structure
on Si/SiO, substrate; ¢ fabrica-
tion process flow of InAs TLM
structures

transfer process. Through the standard photolithography
method, patterns with 10 um line width and 5 pm pitch
were formed on InAs films on GaSb substrate using AZ
MIR 701 photoresist. After that, the material was dipped
into a mixed solution of citric acid, water and hydrogen
peroxide (CcHgO,: H,O: H,0,=50 mg: 50 ml: 10 ml) to
etch InAs film into ribbon arrays. Ammonium hydroxide
solution (NH,OH: H,O =10 ml: 90 ml) was then employed
to selectively etch the underlying A1GaSb layer forming
an undercut structure, which is beneficial to release the
InAs ribbons from GaSb substrate during the following
transfer step. Next, elastomeric PDMS slab was used to lift
off the ribbons from the donor substrate and transfer the
ribbons on Si/SiO, substrate. Detailed transfer procedure
of InAs to Si/SiO, substrate has been described in [21].
The schematic diagram of a transferred InAs ribbon on Si/
Si0, substrate is displayed in Fig. 1a.

Transmission line measurement structures were then
fabricated on the transferred InAs ribbon on Si/SiO, sub-
strate to investigate the effects of TFSI treatment on the
electrical performances. Figure 1b and c exhibit the sche-
matic diagram of the fabricated TLM structure on Si/SiO,
substrate and the fabrication process flow, respectively.
The transferred ribbons on Si/SiO, substrate were 20 nm
thick and 60-100 um long. The width of ribbons was first
defined to be 4 um by e-beam lithography and chlorine
chemistry-based (Cl: Ar=>5: 15) inductively coupled
plasma (ICP) dry etching. Hydrogen silsesquioxane (HSQ)
was used as EBL resist and the dry etching mask. Next,
the samples were dipped into diluted HF (HF: DI =2: 98)
for 120 s to remove HSQ. To put metal contacts, bi-layer
EBL and lift-off techniques were used with MMA/PMMA
bi-layer resist. Samples were treated with diluted HF (HF:
DI=1: 99) to remove the native oxide. Ultimately, Ni/
Au (40 nm/15 nm) stack was used as contact metals. The
contact area on the semiconductors is designed to be
4 x4 um?. The distances between contacts were designed
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Fig.2 Optical microscope image of fabricated TLM structure on
InAs nanoribbon. The contacts are fabricated at 2-micron incremental
step starting at 2 microns (InAs is in Green, and contacts are in white)
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Fig.3 Chemical structure of bis(trifluoromethane) sulfonamide

to be 2, 4, 6, 8 and 10 microns. Figure 2 shows the optical
microscope image of the fabricated InAs TLM structure.

To do the surface treatment, we have used
bis(trifluoromethane) sulfonamide (TFSI). TFSI is solid at
room temperature and hence must be dissolved in a solvent
before treatment. The chemical structure of TFSI is shown
in Fig. 3. To prepare the TFSI solution, 1, 2-dichloroethene
(DCE) and 1, 2-dichlorobenzene (DCB) were chosen as a
solvent. The treatment procedure with TFSI is as follows:
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24 mg TFSI powder was dissolved in 12 ml of 1, 2-dichlo-
roethene (DCE) to make a 2 mg/ml solution. 0.5 ml of this
solution was further diluted with 4.5 ml 1, 2-dichloroben-
zene (DCB) to make a 0.2 mg/ml TFSI solution. The InAs
ribbons are immersed in the 0.2 mg/ml solution for 20 s and
then blew dry with N, for 30 s. Figure 4 depicts the sche-
matic diagram of TFSI treatment.

3 Results and discussion

Transmission line measurement (TLM) was performed to
analyze the effect of TFSI treatment on the sheet resistance
and contact resistance between semiconductor and metal.
HP 4156B Parameter analyzer equipped with Kelvin probes
were used to measure the TLM structures. Kelvin set-up was

X%

Fig.4 Schematic diagram of TFSI treatment and In,O5 reduction process

Fig.5 a Current—voltage char- (a)
acteristics of InAs TLM struc-

used to eliminate any parasitic resistances. Figure 5a shows
the current—voltage characteristics of the TLM structure
with 6 um distance before and after TFSI treatment. Initial
measurement shows a perfect ohmic relationship between
the InAs and metal contact (Red). After super acid treat-
ment, the current—voltage characteristics of the InAs ribbon
become nonlinear (blue).

Figure 5b shows the total resistance as a function of
the distance between contacts of the InAs TLM structure
before TFSI treatment. As the current—voltage characteris-
tic becomes nonlinear after TFSI treatment, the transmis-
sion line data could not be extracted. From the transmis-
sion line data, the contact resistance and sheet resistance
before TFSI treatment are 391.665 Q and 465.72 Q/1,
respectively. To shed light on the mechanism of electronic
characteristic changes on the InAs surface, we performed
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X-ray photoelectron spectroscopy (XPS) measurements.
TFSI in DCE solution contains a large number of hydrogen
ions and negative molecular chains. The molecular chains
would remain on the surface of InAs after TFSI treatment
[22]. Figure 6 shows the XPS survey scan spectra before
(red) and after (black) TFSI treatment. From Fig. 6, it can
be seen that elements such as fluorine and sulfur appear
in the XPS spectra after TFSI treatment. These elements
are also present in the chemical structure of the TFSI in
Fig. 3 manifesting that the molecular chains remain on the
surface of InAs after TFSI treatment.

Ohmic contacts between metal and semiconductor
have been studied extensively [23, 24]. Whether a given
metal-semiconductor junction is an ohmic contact or a
Schottky barrier depends on the Schottky barrier height,
@y, of the junction. The Schottky barrier is calculated
from the vacuum work function of the metal relative to
the vacuum electron affinity of the semiconductor and fol-
lows the following equation:

995 = 4(¢n = 1),

where g¢,, is the work function of metal and g y is the
electron affinity of the semiconductor material. For a suf-
ficiently large Schottky barrier height, the semiconductor
and the metal behave as a Schottky barrier. For a lower
barrier height (such as the case of InAs, ¢ y=4.9 eV and
nickel, gp,,=5.01 eV), the semiconductor and the metal
form ohmic contact instead of Schottky barrier. This is due
to a phenomenon called Fermi-level pinning. Fermi-level
pinning occurs due to the surface states which are distrib-
uted in energy within the bandgap of the semiconductor.
These surface states have a high density at a certain energy
level known as neutral level. This neutral level tends to
pin the Fermi level in the semiconductor leading to weak

dependence of the barrier height on the metal work func-
tion [25, 26].

When the TLM structures were passivated with TFSI,
the surface of the InAs and Ni-InAs contact got affected in
several ways. The Hammett number of TFSI in DCE solvent
is known to be extremely high (~ 10'° times higher than
nitric and sulfuric acid [7]), meaning the TFSI molecule acts
as an excellent proton [H+] source. The H+ adsorption on
nickel surfaces causes an immediate decrease in conductiv-
ity and an increase in work function [27]. The large negative
molecular chains of TFSI accumulated on the surface of the
InAs semiconductor surface also affects the surface states of
the semiconductor manifesting a Schottky-like non-linearity
in InAs TLM result.

Figure 7a and b shows the measured and calibrated XPS
spectra of the element oxygen 1 s peak before and after the
TFSI treatment, respectively. The obvious asymmetry of the
measured oxygen peak in both spectra implies the existence
of different oxides. The peak at 529.7 eV corresponds to
In,O; while the peak at 531.5 eV corresponds to AsO, (mix
of As,05 and AS,05) [28-30]. After TFSI treatment, the
intensity of AsO, remains almost constant, while the inten-
sity of In,O; reduces greatly. The integral intensity ratio
between AsO, and In,0; has increased from 1.34 to 3.13
with TFSI treatment. The result manifests that the native
oxide of InAs, especially In,0;, can be effectively reduced
after TFSI treatment.

Although TFSI treatment can reduce the native oxide,
namely In,0;, from the surface of InAs, the adverse
Schottky behavior (due to the presence of larger TFSI mol-
ecule on the InAs surface and degradation of Ni contact)
restricts the TFSI to be applied as a direct surface treatment
method. To solve this problem, we introduced a thin layer
of amorphous metal oxide on top of the TLM structure. The
H + could easily diffuse through the amorphous oxide layer

Fig.6 XPS line scan survey
spectra before (red) TFSI
treatment after (black) TFSI
treatment
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Fig.7 Oxygen 1 s XPS spec-
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while the larger TFSI molecule cannot. This will protect the
InAs surface from becoming contaminated with larger TFSI
molecule. The amorphous oxide layer will also lessen the
degradation of the Ni contact significantly. To investigate the
effect of TFSI on amorphous oxide-protected InAs surface
and Ni-InAs contact, we fabricated another batch of TLM
devices following the procedure mentioned above. After
fabricating the TLM device, we deposited 8-nm ZrO, by
atomic layer deposition (ALD) at 130 °C. Figure 8 shows the
current—voltage characteristics of the ZrO,-protected TLM
device before and after TFSI treatment. From the figure,
we can see that, after TFSI treatment the sheet resistance
decreases from 682 Q/[1 to 478 Q/O. The contact resistance

Fig.8 Current—voltage charac-
teristics of InAs TLM structure

(a)
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after TFSI treatment is only 13.45 Q. From the sheet resist-
ance and contact resistance calculation before and after TFSI
treatment, it is clear that ZrO, protected the surface from the
larger TFSI molecule while the H + penetrates through. The
reduction in sheet resistance is, therefore, due to the reduc-
tion in In,0O; at the InAs/oxide interface.

One of the most challenging aspects of the integration
of III-V materials with silicon process is the surface qual-
ity of the III-V semiconductors. The surface quality has a
far-reaching influence on the performance of III-V MOS-
FETs. TFSI treatment is a novel surface treatment process
which can effectively reduce the native In,O; and improve
the surface quality. Hence, this method is expected to be

(b)
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able to improve other I1I-V material-based MOSFETs which
contain indium such as InP, InSb, InAs, InGaAs, InGaP,
InGaSb, and InAsSb. Another unique attribute of this sur-
face treatment process is that, it can be applied to the devices
without significantly changing any established fabrication
process. As the TFSI treatment works at the presence of
the amorphous oxides such as ZrO, and penetrates through
the amorphous oxide, it can be used as a post-fabrication
surface treatment process to improve the surface quality of
the [II-V materials.

4 Conclusions

In summary, we have investigated the effect of TFSI treat-
ment on InAs material and Ni—InAs contacts. TFSI treat-
ment can effectively reduce the native oxide, especially
In,0; from the surface of InAs. But the nonlinear cur-
rent—voltage characteristics suggest that the TFSI cannot be
used as a direct surface treatment method. Hence, we estab-
lished a process to eliminate the nonlinear current—voltage
characteristics by employing amorphous oxide such as ZrO,.
We have demonstrated that TFSI can reduce the native oxide
such as In,0; from ZrO, passivated InAs surface. Therefore,
this novel passivation method could be used in III-V MOS-
FET fabrication process flow as the final step and enhance
device performances.
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