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Oxide/InAs(001) interface passivation with fluorine
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It is shown that fluorine-containing anodic layers on the n-InAs(001) surface, in contrast to fluorine-free anodic
layers, form an interface with unpinned Fermi level, the density of states on which near the midgap is about
10" ev~!.em™2 (78K ). The study of the chemical composition showed that the decrease in the density of states
is associated with the formation of indium and arsenic oxyfluorides near the interface.
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Techniques of fabrication of planar multi-gate field-effect
transistors (FETs) with InAs channel layers have progressed
rapidly in the recent decade [1]. The interest in these devices
stems in part from experiments on integrating narrow-
gap A3Bs (InAs, InGaAs, InSb, GaSb) semiconductor
channels with the CMOS process [2]. Since the linear
dimensions (diameter, width) of channels in modern multi-
gate transistors are on the order of tens of nanometers,
the quality of the gate insulator/semiconductor interface,
which is governed by the density of electronic states in the
semiconductor bandgap (Diji), exerts a decisive influence
on the speed performance of a transistor.  High Diy
values at the insulator/A3;Bs interface are the primary factor
limiting the application of transistors and are normally
associated, in the case of ex situ fabrication, with the
native semiconductor oxide layer [3]. The most widespread
current method of formation of these interfaces is the
atomic layer deposition (ALD) of dielectrics with a high
permittivity (high-k) preceded by the removal of native
oxide and other chemical treatment procedures aimed at
passivation of the semiconductor surface. Although the
amount of semiconductor oxides decreases in the first
ALD cycles under the influence of the main precursor
(,,self-cleaning“effect) [4], it is rather hard to remove them
completely [5], not least because of the possible reoxidation
of a semiconductor by an oxidizer [6].

Passivation of oxygen-related electronic states by halo-
gens, which has been demonstrated earlier for InAs(111)A
and fluorine [7], is one of the ways to reduce Dj;. However,
this effect for the most widespread InAs material with the
(001) orientation has not been examined. Owing to the
specifics of the local structure of a transition layer at the
interface with an insulator [7,9], the InAs surface orientation
may have a significant influence on Dj; [8].

In the present study, we reveal the influence of fluo-
rine on the electronic properties of the anodic (native)

oxide/InAs(001) interface by analyzing the capacitance—
voltage (C-V) curves measured at a temperature of 78 K.

Bulk epi-ready n-InAs(001) substrates doped with sulfur
and produced by Pam-Xiamen (China) were used in
experiments. According to the specifications, the dopant
impurity density was (4—6) - 1017 cm™3.

All samples were deoiled in a solution of mo-
noethanolamine with hydrogen peroxide, immersed into a
HCl1: H,O = 1: 10 mixture for 60s to remove the residual
oxide layer, and introduced into the vacuum chamber.
Anodic oxide (AO) layers and fluorine-containing anodic
oxide (FAO) layers with a thickness of 5-15nm were
formed in low-energy DC plasma of Ar: 0O, =4:1 and
Ar:0O,:CF4 =7.7:2:0.3 gas mixtures, respectively, un-
der a pressure of 2 Torr [10].

Round gate contacts with an area of 2- 1073 cm? were
fabricated by deposition of Ti (20nm)/Au (200 nm) metal
layers through a mask. An Ohmic contact to the back
surface of samples was formed by deposition of a 400-nm-
thick In layer.

The C-V curves of prepared metal-insulator-
semiconductor (MIS) structures were measured using
a Keysight B1500A semiconductor parameter analyzer and
a thermostabilized probe station at a temperature of 78 K
in the dark.

The method of calculation of theoretical C-V curves with
an assumed lack of interface states was detailed in [11].
The Fermi—Dirac statistics was used in the calculations;
nonparabolicity of the dispersion law and quantization of the
electron energy in the space charge region were taken into
account. The parameters of InAs used in the calculations
were taken from [12]. The work function of Ti and the
permittivity of anodic layers were assumed to be equal to
4.2¢eV and 6, respectively.

The chemical composition of the FAO/InAs(001) inter-
face was examined by X-ray photoelectron spectroscopy
(XPS) using a SPECS GmbH ProvenX-ARPES system fitted
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Figure 1. Frequency (1kHz, 10kHz, 100kHz, 1MHz) dependences of C-V curves (a,b) and G/w—V (c,d) of

AuW/Ti/AO(~ 13nm)/n-InAs(001) (a,c) and Aw/Ti/FAO(~ 7 nm)/n-InAs(001) (b,d) MIS structures measured at a temperature of 78 K.
The corresponding distributions of Dj; (78 K) in the bandgap of InAs are shown in the insets.

with an ASTRAIOS 190 electron energy analyzer and
a 2D-CMOS electron detector. Focused monochromatic
AlK, radiation (hv = 1486.7¢V, 150 W) was the source
of excitation. XPS spectra were recorded under normal
radiation incidence with a constant pass energy of 30 eV and
an energy resolution of < 0.6eV. The spectrometer energy
scale was calibrated by positioning the measured binding
energy of the Ag 3ds/, line, which was 368.22 £+ 0.05eV,
relative to the Fermi energy.

Figure 1 presents the dependences of typical C-V curves
measured at variable-signal frequencies of 1kHz, 10kHz,
100kHz, and 1MHz at a temperature of 78 K for MIS
structures with thin (5—15nm) AO (a) and FAO (b) layers.
The corresponding ideal CVCs calculated for nominal values
of the dopant impurity density are shown by dots in the
same figure.

Typical C-V curves of structures with fluorine-free AO
layers (Fig. 1,a) feature a significant frequency dispersion
in enrichment (from 0 to +2V), which is attributable
to the influence of border traps [13], and in depletion
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(from —3 to —0.5V), which is due to the charge exchange
with interface (surface) states [7,13]. The C-V curves for
a frequency of 1kHz at bias voltages ranging from —6
to —4V runs way above the theoretical value in inversion.
This is attributable to pinning of the Fermi level below the
midgap. The distribution of Dj; (78K) in the bandgap
of InAs determined using the Terman method [14] (by
comparing the slopes of experimental and theoretical C-
V curves) is presented in the inset of Fig. 1,a. The
value of Dj; near the midgap (Eg) is ~ 2- 102 eV ™! - cm~2
(78 K). Frequency dependences of normalized conductance
G/w—V in Fig. 1,c feature characteristic peaks related to
the charge exchange with interface states. The estimation of
the upper Dj; limit by the conductance technique [15] yields
close (~ 810" eV~!.cm~2) values near the midgap.
The introduction of fluorine-containing CF4 into the gas
mixture for anodic oxidation leads to significant changes
in the behavior of frequency dependences of C-V curves.
Typical C-V curves of structures with FAO layers (Fig. 1, b)
have near-zero frequency dispersion in enrichment (from 0
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Figure 2. XPS spectra of In 4d, As 3d, and F 1s (inset) lines on the initial FAO surface with a thickness of 7—8 nm.

to +1.5V) and depletion (from —1 to OV). This is
attributable to a low density of border traps and interface
states. The C-V curve for 1kHz has a classical low-
frequency shape with the capacitance increasing (minority
carrier response) in strong inversion (from —3.5 to —2V).
This is indicative of an unpinned Fermi level. Experimental
high-frequency C-V curves agree well in slope with the the-
oretical curve (Fig. 1,b). The Dj; distribution has essentially
the same shape as the one determined in the AO case;
however, the density decreases considerably throughout the
entire bandgap. The value of Dj; near the midgap is
~2-10"eV".cm2? (78K). Frequency dependences of
G/w—V in Fig. 1,d feature small peaks at a bias voltage
of about —1V. The Dj; estimate obtained using the con-
ductance technique is the same (~2-10"eV~!.cm=2).
The increase in conductance at frequencies of 1—-100kHz
at reverse bias voltages from —1 to —3.5V is associated
with the response of minority carriers (holes).

The effects of C-V curevs hysteresis were not examined in
detail. Hysteresis magnitude AV at the flat-band capacitance
level for high-frequency C-V curves (1 MHz) from Fig. 1
was 1.3 and 0.6V for the structures with AO and FAO
layers, respectively. With the insulator layer capacitance
(Cox) taken into account, the densities of trapped charge
(Qnyst = AVCqx/Qe) in these two cases are approximately
the same and equal to (2—3) - 102ecm~2.

It is well-known that anodic (native) oxide layers on InAs
consist primarily of In,O3;, AsyO3, AsyOs, and elemental
arsenic [7).

XPS studies of the chemical composition of the FAO
(7—8nm)/InAs(001) interface revealed that the spectra of
In 4d and As 3d lines feature components corresponding
to the bulk of InAs [7]: In—As (17.52eV) and As—In
(40.8 eV), respectively (Fig. 2). The presence of the As—As
(41.8eV) component corresponding to elemental arsenic
in the As 3d line spectrum should also be noted. Oxide

components of both lines may be decomposed into two
constituents. The first of them (In—O (18.5eV) and As—O
(44.5eV)) correspond to indium oxide (In,Os3) and arsenic
oxide (As;03) [7]. The peak in the In 4d line spectrum
labeled as In—OF has a 0.6eV greater chemical shift
than the In—O (InyO3) peak and corresponds to indium
oxyfluoride (InyOyF,), since the chemical shift between
In,O3 and InFs is 1.6—2eV [7]. A similar pattern is
observed for the oxide component of the As 3d line,
where the As—OF peak corresponds to arsenic oxyfluoride
(oxidation degree 5+) [7]. Since these results agree well
with the data reported earlier for InAs(111) A [7], it
is fair to assume that the mechanisms of suppression of
interface states due to the formation of indium and arsenic
oxyfluorides are similar.

Thus, frequency (1kHz—1MHz) dependences of
capacitance—voltage curves of Au/Ti/AO/InAs(001) and
Au/Ti/FAO/InAs(001) MIS structures were analyzed, and
the chemical composition of the FAO/InAs(001) interface
was examined. It was demonstrated that AO fluori-
nation results in the production of indium and arsenic
oxyfluorides and has a significant positive effect on the
electrophysical parameters of the oxide/InAs(001) interface.
The frequency dispersions of C-V curves in enrichment
and depletion are eliminated almost completely due to a
reduction in the densities of border traps and interface states
(~10"eV~!.cm2 at 78K).
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