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Investigation of metal-insulator-semiconductor structure based on

CdHgTe and HfO,
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The interface between Cdo,Hgo7sTe and HfO, grown by plasma-enhanced atomic layer deposition at a
temperature of 120°C in a specifically optimized deposition mode has been studied. The method used in this
work for measuring the admittance of metal—dielectric—semiconductor structures made it possible to establish that
their electrophysical parameters are uniform over the sample surface. The spectrum of fast surface states density at

the HfO,—Cdy 2, Hgo.7sTe interface has been calculated.
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Mercury cadmium telluride CdyHg;_xTe (MCT) solid
solutions are used widely in the design and fabrication of
lasers [1] and photodetector arrays for the middle [2] and
long [3] infrared ranges and in the studies of topological
insulators [4]. Surface passivation is one of the key process
steps for such devices, since the interface quality has a con-
siderable influence on their characteristics. In view of the
fact that a number of these devices are subjected to thermal
cycling, fine adhesion to MCT is required from a passivating
coating [5]. Advances in the atomic layer deposition (ALD)
technology rendered it possible to deposit various types of
insulator coatings with a high degree of control over the
process even at relatively low temperatures. It has been
demonstrated in [6] that Al,O3 deposited onto MCT by
ALD has somewhat better passivating properties that a
CdTe/ZnS coating. The authors of [7-9] have found that
Al,O3 deposited onto MCT by plasma-enhanced ALD (PE-
ALD) at a temperature of 120°C acquires fine passivating
characteristics. It has been established in several studies
into passivation of narrow-gap A3;Bs semiconductors that
HfO; provides a higher-quality interface than Al,Os [10,11].
However, the standard PE-ALD temperature window of an
almost constant growth rate per cycle (GRP) for HfO, is
at 160-340°C [10,12,13]. These values are considerably
higher than the allowable temperature of MCT heating in
vacuum [14]. The aim of the present study was to examine
the passivating properties of a HfO, coating deposited onto
MCT outside of the standard temperature window. The
primary objective was to characterize the influence of PE-
ALD process parameters on the quality of films formed at
a growth temperature of 120°C.

Films of HfO, were grown using a FlexAL (Oxford In-
struments) setup with a tetrakis(ethylmethylamino)hafnium
(TEMAH) precursor that was heated to 75°C and fed into
the growth chamber with a 250 sccm Ar flow (the feed time
was 1s). The same Ar flow through the growth chamber
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volume was supplied at the stages of pumping the remaining
precursor out (the feed time was 3s) and post-plasma
pumping (PPP) the reaction products out after oxidation.
At the oxidation stage, the O, pressure in the chamber was
15mTorr, and the power of the inductively coupled plasma
generator was 250 W (its operation time was 3s). Just as
in [13], the PPP stage duration was varied to determine the
GRP saturation time. A total of 100 deposition cycles were
performed for each sample at a substrate temperature of
120°C.

The ellipsometric angles after HfO, growth on Si were
measured with a spectral ellipsometer. The thickness and
the refraction index of films were then determined within
the Cauchy model using the thickness value of native silicon
oxide measured prior to growth. The chemical composition
was analyzed by X-ray photoelectron spectroscopy using
a ProvenX-ARPES (SPECS, Germany) setup fitted with
a source of focused monochromatic AIK, (1486.71¢V)
radiation and an ASTRAIOS 190 hemispherical electron
energy analyzer.

A heteroepitaxial Cdg22Hgo73Te structure grown on a
Si substrate by molecular beam epitaxy was used to
examine the electrophysical properties of the HfO,—MCT
interface. Following growth, undoped MCT was annealed
to obtain vacancy p-type conductivity with a hole density of
9.5-10" cm~2 and a hole mobility of 370cm? - V! .51,
The MCT surface was not processed in any way prior to
HfO, growth. Indium contacts 50—-500um in diameter
were deposited onto HfO, on MCT by thermal evap-
oration. The capacitance-voltage curves (CVs) of the
obtained metal—insulator—semiconductor (MIS) structures
were measured at a temperature of 77K using Agilent
BI1500A.

It was found that the GRP assumes increasingly smaller
values of 0.125, 0.119, 0.114, and 0.114nm at a PPP
duration of 2, 4, 6, and 8s, respectively. Thus, saturation is
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Figure 1. X-ray photoelectron O 1s, N 1s, C 1s and Hf 4f lines of HfO, films, which were grown by PE-ALD from a TEMAH precursor
at a temperature of 120°C, for post-plasma pumping-out times of 2s (dashed and solid curves) and 8s (dots) before (dashed curve) and
after (solid curve and dots) surface sputtering with an ion beam performed to remove the surface contamination layer.

achieved at 6s. The GRP and the refraction index of HfO,
films remained essentially unchanged when the chosen
precursor feed time and the time of subsequent chamber
purging were doubled. Thus, the following durations of PE-
ALD process stages were set in the present study: 1/3/3/6s.
A HfO, film was also grown at a temperature of 290°C with
the duration of stages set to 1/3/3/2s. The GRP measured
for it was 0.106 nm, which is close to the available literature
data obtained using similar equipment: 0.104 nm [15].

The results of analysis of the chemical composition of
HfO, films by X-ray photoelectron spectroscopy verified
that hafnium atoms are in the oxidized Hf** state (the Hf
4f 7/, line has a binding energy of 18.4eV and a FWHM of
1.2eV); no spectrum components corresponding to hafnium
suboxides or hafnium in its elemental state [16,17] were
found (Fig. 1). The shape and intensity of hafnium lines
in the spectrum and the ratio of integral intensities of the
O 1s (with a binding energy of 532.1eV) and Hf 4f lines
were found to be independent of the PPP duration. The C
Is and N 1s lines observed in the spectra before and after
etching with an ion beam are indicative of contamination
of the surface and the bulk of the insulator material. It was
found after cleaning of the sample surfaces that the densities
of carbon and nitrogen atoms in the bulk of deposited
films decrease by ~ 20 and ~ 5%, respectively, as the PPP
duration increases from 2 to 8s. No other contaminants
were identified in HfO, films.

The hole density in MCT measured using the Hall probe
method was 9.5 - 1013 and 9.7 - 10!° cm 3 before and after

HfO, growth, respectively. Therefore, oxygen ions do not
damage the MCT surface in this growth process.

The CVs of no less than 30 MIS structures were
measured to determine the uniformity of electrophysical
parameters of the HfO,~-MCT interface over the sample
surface (12 x 24 mm in size). Figure 2 shows the CVs of
structures with a contact diameter of 450 um, which have a
characteristic low-frequency form at a measurement signal
frequency of 10kHz. The voltage was swept from 0.5
to —6.0V in order to minimize the influence of charge
captured at shallow traps in the near-surface region of
the semiconductor and the insulator on the shape and
positioning of CVs. The inset in Fig. 2 shows that the
insulator capacitance spread in the accumulation region
does not exceed 1%. The spread of the flat-band voltage
positioning is within 20mV (with the voltage step and the
amplitude of the variable signal being set to 10mV). The
HfO,-MCT system exhibited a high degree of uniformity of
electrophysical characteristics over the sample surface.

The spectrum of the fast surface state density (Djt) at
the HfO,—MCT interface was calculated in accordance with
the procedure outlined in [18]. CVs were measured in
the voltage range from 0.5 to —6.0V and at frequencies
ranging from 1kHz to 1 MHz. Since charge accumulates at
slow traps when a negative voltage is applied, each CV at a
given frequency was measured for different MIS structures.
Parallel conductance (Gp) of the equivalent circuit of the
MIS structure (see the inset in Fig. 3) was then calculated
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Figure 2. Capacitance—voltage curves of the fabricated In—HfO,—Cdg2,Hgo.7sTe structures. The indium contact diameter is 450 um.
Measurements were performed at a temperature of 77 K and a measurement signal frequency of 10kHz. The voltage was swept from 0.5

to —6.0 V. Enlarged CV fragments are shown in the insets.
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Figure 3. Surface state density distribution calculated using the
conductance method (dotted curve) and CV measured at 1kHz
(solid curve). The upper axis denotes the estimated energy relative
to the Fermi level (Er). The measurement circuit and the simplified
equivalent circuit of the MIS structure are shown in insets (a) and
(b), respectively.

in accordance with [18] using the following formula:

B 0?CiGn
~ GE+ w(Ci —Cp)?’

Gp (1)

where C, and G, are the measured capacitance and
conductance values, C; is the insulator film capacitance,
o is the angular frequency of a variable signal (w = 27z f),
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and Cp is the MCT capacitance (indicated in Fig. 3).
The frequency dependence of Gp/w at a constant gate
voltage was plotted after that. This dependence has a
well-pronounced maximum due to the recharging of surface
states. Using the corresponding formula from [18], we
determine Dijq:

(2)

where (Gp/®)max is the maximum of the frequency depen-
dence of Gp/w at the chosen voltage, A is the contact area,
and q is the electron charge. This method for Dj; estimation
yields values that are consistent with those provided by
other methods [19]. Its key advantage consists in the fact
that it circumvents the need to calculate the theoretical CV
dependence for MCT (such calculations were performed,
e,g, in [89]). It should be noted that formula (1) is
applicable in the case when series resistance Rg is negligible.
In the present experiment, the series resistance induced
by the bulk resistance of p-type MCT started to exert a
considerable influence on the CV shape at a frequency
of 40kHz, while most (Gp/a))max values corresponded to
frequencies below 30kHz.

Figure 3 presents the dependence of density Dj; on the
metal gate voltage. The surface potential was estimated
using the Berglund method. The obtained values of energy
relative to the Fermi level are plotted on the upper axis with
a pitch of 20 meV. The CV measured at 1 kHz is also shown
in Fig. 3. Near the Fermi level, Diy = 6 - 10'2eV ™' . cm~2.
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No delamination or cracking of the HfO, film were
observed after 40 cycles of sample heating and cooling. This
is indicative of fine adhesion between the film and the MCT
surface.

Thus, the influence of PPP duration on the GRP value
and the chemical composition of HfO, films grown by PE-
ALD from a TEMAH precursor at a temperature of 120°C
was examined. It was found that the HfO, film capacitance
and the fixed charge value are uniform over the sample
surface. The Dj; spectrum for the HfO,—CdHgTe interface
was calculated. The obtained HfO, feature a fine adhesion
to MCT.
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