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The development of methods for surface passivation of narrow-gap semiconductors, in particular CdHgTe, is

an actual problem nowadays. One of the promising protective and passivating insulators is hafnium oxide. In

this work, the effects of different methods of CdHgTe surface treatment, performed in a plasma-enhanced atomic

layer deposition (PE-ALD) system immediately prior to the deposition of HfO2 thin films, on the electrophysical

characteristics of the resulting insulator–semiconductor interface are investigated. The values of the built-in charge

density and slow trap states have been calculated, and the change of donor concentration in the near-surface

region of the semiconductor has been estimated. The chemical composition of the formed intermediate layers was

examined.
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1. Introduction

Cadmium–mercury–tellurium (CdxHg1−xTe) is a well-

known narrow-band semiconductor used for manufacturing

of infrared optoelectronic devices [1–4], as well as for the

development of lasers and THz radiation detectors [5,6],
for studying topological insulators and two-dimensional

electron gas [7].
Passivation and protection of the semiconductor surface is

one of the important stages of the creation of semiconductor

devices, including CdHgTe-based devices, which includes

not only the application of a dielectric coating, but also

its pretreatment. The key requirements for passivation of

the semiconductor surface include ensuring low densities of

surface states and effective fixed charge. The use of various

dielectrics and wide-band semiconductors for CdHgTe

passivation is widely described in the literature, the most

common of which are ZnS [8,9] and CdTe [10,11]. Recent
studies have shown that dielectric films of HfO2 obtained

by plasma–enhanced atomic layer deposition (PE-ALD)
at 120◦C are also a promising passivating coating for

CdHgTe [12]. However, well-known studies of CdHgTe

passivation practically do not pay any attention to the

state of its surface before dielectric deposition. We

have previously shown that it has a significant effect on

the electrophysical characteristics of the dielectric–CdHgTe
interface [13].
The impact of several methods of preparation of the

CdHgTe surface before application of a dielectric coating

of HfO2 on the electrophysical parameters of the formed

interface is studied in this paper.
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2. Experiment procedure

The studies were carried out on Cd0.22Hg0.78Te grown

by molecular beam epitaxy on a Si(013) substrate using

ZnTe and CdTe buffer layers. The undoped epitaxial

CdHgTe film had an electronic type of conductivity with an

electron concentration determined by the contactless Hall

method, ∼ 5 · 1014 cm−3. The wafer was divided into many

samples, which were subjected to various treatments, after

which HfO2 was deposited on them and metal–dielectric–
semiconductor (MDS) structures were fabricated.

A sample on which HfO2 was applied without pre-

treatment was accepted as a reference. The remaining

CdHgTe samples were chemically cleaned from native

oxide and surface contaminants using aqueous ammonia

(NH4OH) [14]. Two types of samples were obtained

by oxidation in a remote RF discharge plasma generated

in an atomic layer deposition system (pressure of O2 —
15mTorr; RF generator power — 300W), for 1 and 10min

at room temperature. Another method of preparation

consisted in atomic layer deposition of an ultra-thin AlN

layer using a trimethylaluminium (TMA) precursor and

a remote RF discharge plasma in a nitrogen atmosphere

(ultra-high purity). 30 deposition cycles were performed at a

substrate temperature of 100◦C. Another type of structures

was fabricated similarly but using a mixture of gases O2 and

N2 (1 : 1) to ignite an RF discharge. Both oxidation and

deposition of additional layers using TMA were performed

immediately before deposition of the dielectric without

exposing the samples to the laboratory atmosphere.

Dielectric films of HfO2 with a thickness of ∼ 20 nm

were applied to CdHgTe samples using the PE-ALD

method at a substrate temperature of 120◦C.
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Figure 1. Photoelectron lines of O 1s (a), N 1s (b) and Te 3d5/2 (c) from CdHgTe samples: cleaned in NH4OH (0), with a thin layer

of AlN (1) and Al2Ox (2) on the surface. The experimental data are shown by dots, and the result of decomposition into components are

shown by lines. (A color version of the figure is provided in the online version of the paper).

Tetrakis(ethylmethylamine)-hafnium (TEMAH) was

used as a precursor, and remote oxygen plasma of the RF

discharge was used as an oxidizer [12]. Round indium

contacts with an area of 1.26 · 10−3 cm2, acting as a metal

gate, as well as an ohmic contact to the CdHgTe film were

formed using photolithography and thermal evaporation in

vacuum.

The coatings obtained on the surface of the CdHgTe

as a result of the performed treatments were stu-

died by X-ray photoelectron spectroscopy (XPS) with

ProvenX-ARPES system using hemispherical energy ana-

lyzer ASTRAIOS 190 2D-CMOS and monochromatized

exciting radiation of AlKα . The thickness of the films on

the surface of the CdHgTe was evaluated using the method

described in Ref. [15].

The frequency dependences of the admittance of the

obtained MIS structures were measured at the temperature

of liquid nitrogen in the dark using Agilent B1500A

semiconductor analyzer. The flat-band voltage (U f b), the
density of the built-in charge (N f ix), and the density of slow

trap states (Nt) for all studied structures were determined

from the capacitance–voltage (C−V) curves. The technique

described in Ref. [16] was used to determine U f b .

3. Results

Figure 1 shows the photoelectron lines of O 1s , N 1s and

Te 3d5/2 of samples that, after chemical purification, were

processed in the PE-ALD system using TMA and remote

plasma: nitric and in a mixture of nitrogen and oxygen. It

follows from the spectra that the use of a mixture of gases

does not result in the formation of aluminum nitride: the

position of the line of Al 2p (74.8 eV; not shown in the

figure) and the high intensity of the signal of O 1s indicate

the formation of aluminum oxide (Al2Ox ). Nevertheless, the
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presence of nitrogen in the oxide in concentrations below

the detection limit of the XPS method is not excluded. On

the contrary, the oxygen is present in the film in case of

usage of pure nitrogen plasma, and the film itself has a

much smaller thickness with the same number of deposition

cycles. The presence of oxygen may be a consequence

of the oxidation of AlN during the transfer of the sample

from the PE-ALD system to the XPS system [17] and/or

the presence of water vapor and oxygen in the nitrogen

atmosphere at the impurity level (both in the gas itself and

in the residual atmospere of the vacuum chamber [18]). The
thickness of the layers of Al2Ox and AlN calculated from

the intencity reduce of the tellurium photoelectron line is

about 4 and 2 nm, respectively, which is consistent with

the available data on the deposition rate of Al2O3 for the

system used (∼ 0.14 nm per cycle) and concepts of the

AlN deposition rate under similar conditions (∼ 0.05 nm

per cycle [17]).
The photoelectron line of O 1s of AlN and Al2Ox

films (Figure 1, a) can be represented by the sum of two

components with binding energies of 531.5 and 533.0 eV.

The first corresponds to the chemical bonds of Al−O, and

the second, as a rule, is associated with hydroxyl groups

(Al−OH) [19]. The proportion of Al−OH bonds in the

formed Al2Ox film reaches 25%. In addition, it is noted

that the presence of oxygen in the removed plasma results

in the formation of tellurium oxide on the surface of the

CdHgTe (Figure 1, c). The estimate of the average thickness

of the CdHgTe oxide from the ratio between Te4+ and Te0

components of the Te 3d line corresponds to approximately

one monolayer. The oxidation of CdHgTe can occur at the

earliest stages of atomic layer deposition, while there is no

continuous surface coating, after which the Al2Ox film acts

as a barrier to oxygen radicals.

Without introducing an organometallic precursor into the

PE-ALD reactor, the remote oxygen plasma can be used for

low-temperature oxidation of cadmium-mercury telluride

before dielectric deposition. We have previously shown that

this approach allows for a significant reduction of the density

of built-in charge and slow surface states in structures with

PE-ALD Al2O3 on CdHgTe [13,20]. Chemically cleaned

samples were oxidized in this study for 1 and 10minutes,

as a result of which the native oxide thickness, determined

by the XPS method, reached about 1 and 2 nm, respectively.

Figure 2 shows the characteristic low-frequency capa-

citance–voltage (C−V) dependencies of the MIS structures

with different treatment of the CdHgTe surface. The

measurements were performed at a frequency of 10 kHz

and cyclic sweep of the gate voltage in the forward

(from 0.5 to −6V) and reverse (from −6 to 0.5V)
directions. The studied structures exhibit pronounced

C−V curve hysteresis, which develops in proportion to

the sweep range [21]. The hysteresis phenomenon is

caused by the recharge of slow trap states localized near

the dielectric–semiconductor interface. The forward and

reverse loops have different steepness and minimum depth,

which indicates the heterogeneity of the trap parameters

(carrier capture cross-section concentration) according to

their energy location and distance from the semiconductor

surface. The slow traps are in an equilibrium state at the

initial moment of measurements (accumulation mode) and

practically do not manifest themselves during the forward

sweep. They gradually change their charge in the strong

inversion mode in accordance with their position relative to

the Fermi level, which results in a change of the effective

surface charge and a shift of the C−V curve to the negative

bias region. During the reverse course, the traps partially

manage to change their charge — a stretching of the C−V

curve along the voltage axis is observed. Some of the traps,

being in this state, apparently also recharge at the frequency

of the measuring signal used, contributing to the measured

capacity of the MIS structure (fast traps).
The width of the hysteresis loop at the level of flat-band

capacitance given per unit of the sweep range, was used to

estimate the density of slow trap states:

Nt =
C inv

qS
(U f b1 −U f b2)

1Usweep
,

where C inv — maximum capacitance of the structure in the

strong inversion mode, q — electron charge, S — metal con-

tact area, 1Usweep — voltage sweep range, U f b1 and U f b2 —
flat-band voltages corresponding to the forward and reverse

sweep of the C−V curve. The lowest density was achieved

in the structure with Al2Ox and is 1 · 1011 cm−2
· V−1; the

highest density was achieved in the structure with 2 nm of

native oxide — 9.6 · 1011 cm−2
· V−1; the density of the

reference sample was 3.0 · 1011 cm−2
· V−1.

It follows from the obtained data that the preliminary

oxidation of CdHgTe in the remote plasma results in a

significant increase of the density of traps near the interface

of HfO2−CdHgTe compared with cases when the surface

of the CdHgTe was chemically cleaned or no treatment

was performed at all. Previously, the opposite result was

obtained on the CdHgTe in structures with PE-ALD Al2O3.

Such a disagreement can be explained by a significant

difference in the physico-chemical processes occurring at

the interface between the deposited dielectric and native

oxide of CdHgTe, and this interface further has a decisive

effect on the hysteresis of the C−V curve of the metal–
dielectric–semiconductor structures.

The density of the effective built-in charge was calculated

using the formula

N f ix =
C inv

qS
(ϕms −U f b1),

where ϕms — the metal-semiconductor work function

difference. The calculation results are presented in the

table. It follows from these results that structures made on

CdHgTe oxidized in a remote plasma are characterized by

a positive built-in charge, the value of which increases with

the increase of the thickness of the native oxide. At the

same time, the remaining structures have a negative built-in

charge. It is assumed based on this that the dielectric HfO2

Semiconductors, 2024, Vol. 58, No. 3
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Figure 2. The capacitance–voltage curves of MIS structures with various surface treatments of CdHgTe before application HfO2 : without

additional treatments (1); wet cleaning in NH4OH (2); deposition of thin films of AlN (3) or Al2Ox (4); oxidation in the remote plasma

for 1 (5) and 10min (6). The solid line shows the forward direction of the bias sweep, the dotted line shows the reverse direction.

has a volumetric negative charge with an effective density

of ∼ 1 · 1012 cm−2, and CdHgTe native oxide formed in

oxygen plasma can be used to compensate and minimize it.

The capacitance of structures determined from experi-

mental C−V curves at the voltage of flat bands was used to

estimate the concentration of donors (ND) using a known

ratio:

C f b =
ε0εins S

dins + (εins/εs)
√

kTεsε0/NDq2
,

where ε0 — dielectric constant of vacuum, εins and

εs — dielectric permittivity of dielectric and semiconductor,

respectively, dins — dielectric thickness, k — Boltzmann

constant [22]. The values obtained (see table) exceed the

data obtained after epitaxial growth of CdHgTe, which

indicates an interruption of the structure of the near-

surface region of the semiconductor and the generation of

electrically active defects acting as donors. The oxidation

of CdHgTe in plasma results in a significant increase of the

concentration of donors in the area of the spatial charge of

the MIS structures. The lowest concentration of donors was

achieved in a structure with an intermediate layer of Al2Ox

at the interface of HfO2−CdHgTe.

4. Conclusion

This paper studied the possibility of improvement of

the electrophysical parameters of the interface of PE-ALD

HfO2−CdHgTe using low-temperature treatments of the

CdHgTe surface applied directly in the chamber of atomic

layer deposition of a dielectric. The following coa-

tings were formed on a chemically cleaned epitaxial film

of Cd0.22Hg0.78Te: native oxide with thickness of ∼ 1

and ∼ 2 nm, aluminum nitride with thickness of ∼ 2 nm,

aluminum oxide with thickness of ∼ 4 nm. It was found as a

result of the chemical analysis of these coatings by the XPS

method that the use of trimethylaluminium in combination

with a remote plasma ignited in a mixture of nitrogen and

Semiconductors, 2024, Vol. 58, No. 3
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Parameters of the interface PE-ALD HfO2−CdHgTe calculated

from the capacitance–voltage curves of the MIS structures

Pretreatment Nt , 10
11 N f ix , 10

12 ND , 10
15

surface of CdHgTe cm−2
· V−1 cm−2 cm−3

Without treatment 3.0 −1.2 2.8

Cleaning in NH4OH 3.2 −1.6 2.2

PE-ALD AlN 2.9 −1.1 2.1

PE-ALD Al2Ox 1.0 −1.5 1.2

Oxidation in the remote 4.4 0.3 4.9

oxygen plasma

during 1min

Oxidation in the remote 9.6 1.9 3.8

oxygen plasma

during 10min

oxygen (1 : 1) is accompanied by oxidation of the CdHgTe

surface and does not results in the formation of Al−N bonds

in the formed aluminum oxide film. At the same time, a

high content of aluminum oxide and hydroxide is observed

in aluminum nitride films deposited using an atmosphere

of pure nitrogen. Additional studies are needed to clarify

whether they are formed during the growth of the film

or are the result of the transfer of samples to a chemical

analysis chamber through a laboratory atmosphere.

MIS structures with CdHgTe native oxide have a positive

built-in charge, the density of which increases with the

thickness of the oxide, while other samples are characterized

by a negative built-in dielectric charge with a density of

∼ 1 · 1012 cm−2. The density of slow trap states near

the dielectric–semiconductor interface, which result in the

hysteresis of the C−V curve due to capturing charge

carriers, is significantly determined by the intermediate layer.

For instance, the lowest density which is several times lower

than the density of the reference sample is achieved in a

structure with Al2Ox , and the highest density is achieved

in structures with the CdHgTe native oxide. It was also

found that the use of treatments followed by deposition of

hafnium oxide results in an increase of the concentration

of donor centers in the area of the space charge region of

the CdHgTe. The concentration closest to the growth data

is found in MIS structures with an intermediate layer of

Al2Ox .

With further development and optimization, the proposed

method of application of treatments immediately before

dielectric deposition may turn out to be an effective method

of passivation of the CdHgTe surface, which will improve

the characteristics of both produced devices (IR photode-

tectors) and those under development (THz detectors and

emitters).
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