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Abstract. The effect of Ar® and Cd* ion implantation and subsequent thermal annealing
has been studied on a single-crystal ZnTe (111) using a whole range of spectroscopy methods:
ultraviolet photoelectron one (UPS), light absorption one, and Auger electron one (AES).
The results showed that bombardment of the surface with Ar* and Cd* ions with an energy
of E, = 1 keV until a saturation dose of of D, = (6—8)-10'%cm™ was reached resulted in the
destruction of the crystal structure of the ion-implanted layers and, as a consequence, in
surface metallization. In particular, after implantation with Cd* ions and subsequent annealing
at T'= 850 K, the formation of a homogeneous continuous Zn,,Cd ,Te film 30—35 A thick
was observed, which indicated the redistribution of components and the formation of a new
phase state on the ZnTe surface. The results of the study of Zn ,Cd, . Te thin films demonstrate
the presence of two clearly defined maxima in the valence electron spectra corresponding to
binding energies of —1.4 eV and —5.2 eV.
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AnHotanuga. BiusgHue wuonHHoN wummiaHtauuu Art m Cd*, a Takxke MNOCAEAYIOLIEro
TEPMUUYECKOTO OTXMIa ObUIO M3YyYeHO Ha MOHOKpHUCTa/uiMueckoMm obpasue ZnTe(l1l) ¢
MMPUMEHEHNEM KOMILIEKCa METOJIOB CTIIEKTPOCKOIUU: YIbTPa(hUOIETOBON (hOTOINEKTPOHHOM,
noryoiieHns: cgeta B Y®-. UK-, Buaumoii obmactsax u Oxe-27eKTpoHHOU. Pe3yiabraTh
HWCCIIENOBAaHUI TI0Ka3aju, 4YTO OomOapaupoBKa mnoBepxHocTu wuoHamu Art m Cd' ¢
sHeprueil E; = 1 koB no moctuxenusa no3bl Hackimenusa D= (6—8)-10' cm™? npusoaur
K pa3pylleHUIO KPUCTAIMYECKON CTPYKTYPbl MOHHO-HUMILIAHTUPOBAHHBIX CJIOEB M, Kak
CIEACTBME, K MeETaJUIM3allMi TOBEPXHOCTU. B yacTHOCTM, mocjie MMILIAHTalMW WOHaMU
Cd* m mocaenyromiero orxkura Tpu Temrieparype 7' = 850 K wHaOmomaeTcs (popMmpoBaHme
TOMOT€HHOM CIUIOIIHON TMJIEHKU ZnOYSCdO’STe toauHoit 30 — 35 A, 4TO CBHUIETENBLCTBYET
0 IepepacrnpeneieHu KOMIIOHEHTOB M 00pa30BaHMM HOBOTO (ha30BOTO COCTOSIHUSI Ha
noBepxHocTu ZnTe. Pe3ynbrarhl McciegoBaHUS TOHKUX TIJIEHOK ZnO’SCdO‘STe JIEMOHCTPUPYIOT
HaJuyMe IBYX OTYETIMBO BBbIPAXKEHHBIX MAaKCHMMYMOB B CIIEKTpax BaJCHTHBIX 2JIEKTPOHOB,
COOTBETCTBYIOLLIUX dHEPrusiM cBsizu —1,4 3B u —5,2 5B.
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Introduction

A"BY! semiconductors such as cadmium and zinc tellurides (CdTe, ZnTe) have long served as
model objects for fundamental research; however, their practical application remained relatively
limited, being mainly confined to X-ray detectors and luminophores. Nevertheless, these com-
pounds are characterized by high structural perfection and possess unique optical properties.

In recent years, A"BY' compounds have attracted increasing attention as promising materials
for efficient conversion of solar energy into electricity, owing to their high quantum yield in the
green spectral region [1—5].

One of the factors hindering the widespread use of heterostructures based on CdTe and ZnTe
is the significant mismatch in their lattice parameters. The resulting mechanical stresses at inter-
faces can lead to degradation and failure of the structures. The lattice mismatch also introduces

© Xyxanuézon K. B., Ymupsakos b. E., Tammyxamenona 1. A., Jlobona B. B., A6aysaiiutoB A. A., 2026. M3narens: CaHKT-
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uncertainties in the accurate determination of the band offset, reflected in a substantial scatter (up
to £10% of the average bandgap) in the published data on the valence band offset of CdTe/ZnTe
heterostructures [6—9].

Studies on heterostructures based on binary semiconductors [10—18], in particular,
the CdTe/ZnTe system with identical nominal thickness of the narrow-gap layer, demonstrate a
significant discrepancy in the energy position and shape of the emission band. This points to a
pronounced dependence of the actual structure of the thin layer on the specific growth conditions.
For the CdTe/ZnTe system, this aspect is of particular importance in the context of developing
CdTe quantum dots doped with a precisely controlled amount of Mn?* magnetic ions [19].

Stresses arising during growth and their subsequent relaxation play a key role for heteroepi-
taxial structures. These processes have a decisive influence on the crystalline perfection of the
structure, which, in turn, directly affects the electronic properties of the material and, conse-
quently, the parameters of fabricated infrared detectors [20—28]. A wide range of optical [24] and
X-ray diffraction [25, 26] methods are used for high-precision measurements of residual strains
occurring in the bulk of the material, providing valuable information on the mechanical state of
the structure.

Ref. [28] reports on an experimental study of weak strains in the near-surface regions of
amorphous chromium (Cr) and mercury-cadmium telluride (HgCdTe) layers using an inno-
vative null method. The study yielded quantitative data demonstrating the dependence of the
second-harmonic amplitude on the magnitude of applied stresses. In addition, precision mea-
surements of residual stresses in the surface layer of a multilayered HgCdTe/CdTe/ZnTe/GaAs
structure grown by molecular beam epitaxy were performed, which made it possible to establish
the parameters of the structure’s stressed state.

The method of low-energy ion implantation has proven to be an effective tool for targeted
modification of the composition, structure and properties of various materials [29—37], opening
new prospects in materials science and surface engineering.

The present work reports on the surface modification of monocrystalline zinc telluride (ZnTe)
films by implantation of argon Ar" and cadmium Cd* ions combined with thermal treatment.

The goal of this study is a detailed investigation of the mechanisms leading to changes
in the elemental composition and electronic structure of zinc telluride films as a result of a
complex treatment.

>

Experimental procedure

The film samples were studied using an ultra-high-vacuum system (Fig. 1) consisting of two
functionally separated chambers.

Annealing, thermal oxidation and ion bombardment procedures were carried out in the first
chamber; these procedures prepared the materials for further analysis.

The second chamber was used for detailed analysis
of the composition, density of states of valence elec-
trons, band structure, as well as emission and optical
characteristics of the samples.

Polished and chemically etched monocrystalline
ZnTe(111) samples and epitaxial n-type ZnTe/Si(111)
films grown by magnetron sputtering were used for
the study.

The experiments were performed under high vac-
uum (pressure down to 1077 Pa) using a combina-
tion of spectroscopic methods: Auger electron spec-
troscopy (AES), ultraviolet photoelectron spectros-
copy (UPS), optical absorption spectroscopy in the
UV, IR and visible ranges, and elastic peak electron
spectroscopy (EPES).

Depth profiles of atomic distributions were deter-
mined by AES combined with precision layer-by-layer
sputtering of the surface with Ar* ions at an energy £
Fig. 1. Experimental setup ranging from 2 to 3 keV. Prior to ion implantation,
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the ZnTe samples were degassed by heating to 7= 900 K for three hours. This process was com-
bined with Ar* ion sputtering at a pressure of 1077 Pa to remove surface contaminants.

After cleaning, the Auger peaks corresponding to carbon (C), sulfur (S) and oxygen (O) com-
pletely disappeared, indicating a high degree of surface purity. The concentrations of zinc (Zn)
and tellurium (Te) atoms stabilized within the range of about 49—50 at.%, which indicated the
restoration of the stoichiometric composition.

Cd* ions were implanted at an energy £, = 3—1 keV with a dose D = 8-10'® cm™; this value
corresponded to the saturation dose, at which further increase in dose did not lead to significant
changes in the material properties. The Cd* ions were generated by electron bombardment, which
provided high precision control of the ion beam parameters.

Experimental results and discussion

Fig. 2 shows the change in the surface concentration of zinc in ZnTe under bombardment with
Ar* ions at an energy £, = 1 keV at room temperature.
It can be seen that the surface Zn concen-

- tration C, remains practically unchanged up to
60 - a dose D= 10-2" cm™2, indicating the stability
of the material surface at the initial stage of ion
50 exposure. Then, a decrease in the Zn concentra-
tion by 7—8 at.% is observed in the dose range
4a0r from 2-10'" to 5-10'5 cm™. A further increase in
the ion dose leads to an increase in C , reaching
0T 65—66 at.% at D = (6—4)-10'6 cm™2. After that,
20 . , , . , further irradiation causes stablhzatlon of the zinc
10" 10" 10" 10" 10" D,em®  concentration, which then undergoes virtually
no changes.
Fig. 2. Dependence of the surface zinc To comprehensively analyze the modification

concentration in ZnTe/Si(111) film on the of the surface concentration of Zn and Te atoms
irradiation dose after bombardment with during Ar* ion bombardment, the depth depen-

1 keV Ar* ions at room temperature dence of the deviation AC, of Zn concentration
from the stoichiometric composition was stud-
ied at two different irradiation doses: 5-10"° and
6-10'® cm™? (Fig. 3).

It follows from the data in Fig. 3 that a
decrease in the Zn concentration by 8—10 at.%
is observed at a dose of D = 5-10'5 cm™ in the
near-surface layers, remaining almost unchanged

AC,,, at.%
10F

s S,

° down to a depth A= 5—6 A. An increase in

10 AC, to about 6 at.% is observed in the range
-AC,, at% h = 10—40 A. With a further increase in depth,

AC, decreases monotonically, tending to zero
Fig. 3. Dependences of deviation JAC, — at h = 60—65 A, which indicates the restoration
on depth of ZnTe/Si(111) film bombarded of the st01ch10metrlc composition characteristic
with 1 keV Ar* ions at doses D (cm™2): 5-10° of ZnTe. The decrease in Zn concentration in
(curve 1) and 6-10'° (curve 2) the range 4 = 0—20 A is presumably due to the
diffusion of Zn atoms deeper into the target or
(less likely) to the diffusion of Te atoms to the surface (taking into account the significant dif-
ference in the masses of Te and Zn atoms). It is evident that the areas S, and S, under curve /
differ only slightly, which suggests that there is no appreciable evaporation of Zn (or Te) atoms.
At higher bombardment doses (D > 6-10' cm™2, see curve 2 in Fig. 3), the value of AC, in the
near-surface layers increases to 10—12 at.%, then decreases monotonically with increasing A.
At a depth of 50—60 A, the value of AC, is about 1—2 at.%, remaining practically unchanged
at h> 60 A.
In all probability, desorption of Te atoms from the surface layers occurs at high ion bombard-
ment doses along with their diffusion to the surface, leading to metallization of the surface layers
of the ZnTe film. In this case, the surface layers become completely disordered.
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Fig. 4. Auger spectra of samples at different stages of the study:
as-grown ZnTe(111) sample (curve [); sample after implantation with Cd* (£, = 1 keV, D, = 8-10'® cm™)
(curve 2); sample after ion implantation and annealing at 7= 850 K for 40 min (curve 3). The numbers
correspond to the positions of the peaks (eV)

Fig. 4 shows the Auger spectra of ZnTe samples implanted with Cd* ions at an energy
E, = 1keV and a dose D = 8-10'® cm™, recorded before and after annealing at 7= 850 K for
40 min. It is known that analysis of the shift and shape of low-energy peaks induced by the par-
ticipation of valence electrons provides data on the formation of new compounds.

The atomic concentration C_ in the near-surface layers can be estimated from the intensities
of the high-energy peaks using the following formula [38]:

IX/SX
I’
2

where [, [ are the intensities of the Auger peaks, S, §_are the Auger sensitivity factors.
The followmg Auger peaks were used to determme the atomic concentrations:

Zn: E=994 ¢V; Te: E=483 e¢V; Cd: E=376 ¢V.

The characteristic Zn and Te peaks are clearly observed in the Auger spectrum of the
unimplanted ZnTe film. Quantitative analysis of the spectra showed that the surface con-
centration of Zn was about 49 at.%, and that of Te about 51 at.%. Implantation of Cd* ions
causes decomposition of the ZnTe compound with simultaneous incorporation of Cd atoms
into the ZnTe lattice. Distinct Zn and Cd peaks are observed in the Auger spectrum after ion
implantation, while the intensity of Te peaks decreases significantly, so that low-intensity peaks
disappear completely, which indicates predominant desorption of Te atoms from the sam-
ple surface. The main low-energy peak (56 ¢V) characteristic of ZnTe shifts by 4 eV towards
higher energies. This is because Cd* ion implantation induces decomposition of the original
ZnTe sample and a sharp decrease in Te concentration; as a result, the peak energy approaches
the value characteristic of pure Zn. Analysis of the high-energy peaks of the full Auger spectrum
revealed that the surface concentrations of Cd, Zn and Te atoms were approximately 48, 40,
and 12 at.%, respectively.

After annealing at 850 K for 40 min, the 60 eV peak shifts back towards lower energies.
The concentrations of Cd and Zn atoms decrease to 23—25 at.%, while that of Te increases to
50—52 at.%, indicating the formation of a monocrystalline film with an approximate composition
Zn, Cd,Te (see curve 3 in Fig. 4).

The electronic structure of the surface layers, including the density of electronic states and band
parameters, was studied by ultraviolet photoelectron spectroscopy (UPS) and optical absorption
spectroscopy [39].
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Fig. 5. UPS spectra recorded
at different stages of the study:
as-grown ZnTe(111) sample (curve [); sample
after implantation with Cd* ions (£, = 1 keV,
D = 810" cm™) (curve 2); sample after ion
implantation and annealing at 7 = 850 K for
40 min (curve 3); SS denotes surface states

Fig. 5 shows photoelectron spectra recorded
at a photon energy Av = 10.8 eV for a ZnTe
sample implanted with Cd* ions at an energy
E, = 1keV and a dose D = 8-10'° cm™, before
and after thermal annealing at 7= 850 K.

Two well-defined peaks are clearly observed
in the spectrum of pure ZnTe at binding energies
of about —1.4 and —5.2 eV, as well as a char-
acteristic feature at E¢ = —0.5 ¢V, presumably
related to the existence of surface states. Detailed
information on the possible mechanisms behind
the formation of these peaks is given in Table 1.

Analysis of the data in Table 1 shows that
the spectral peaks of pure ZnTe originate
from the excitation of electrons from hybrid-
ized 4s Zn + 5p Te states and 5s Te states. lon
implantation leads to a shift of the leading edge
of the spectrum towards higher energies, reach-
ing about 1.8 eV. In addition, an increase in the
spectral width (AE) is observed, the main peaks
characteristic of ZnTe(111) disappear, and new
peaks appear, which are likely associated with
the formation of Zn, Cd inclusions and their

compounds (see Table 1). In this case, the positions of the valence band top E, and the Fermi
level E_ coincide completely, indicating the metallic character of the ion-implanted layers. A
characteristic spectral feature, accompanied by the appearance of four distinct peaks, is observed
in the spectrum of the Zn ,Cd, Te film obtained after thermal annealing of the ion-implanted
ZnTe at 7= 850 K. A detailed interpretation of these peaks is also given in Table 1. Importantly,
the position of the £ level shifts towards lower energies by about 2 eV.

The bandgap width of the studied samples was estimated from the optical absorption

(transmittance) spectra.

Table 1

Stages of UPS analysis of samples subjected to Cd* ion bombardment
and annealing; interpretation of the results

UPS result
Stage Sample i €V | Peak formation mechanism

0.5 Surface state (SS)

1. Initial ZnTe (111) —1.4 4s Zn + 5p Te
-5.2 5s Te

2. Implantation +0.2 5s Cd

E,=1keV, ZnTe +0.8 4s Zn

D =8-10" cm” 3.8 5s Te
-0.3 Surface state (SS)

3 A i -0.8 4s Zn + 5p Te

. Annealing

at T=850 K Zn, Cd  Te/ZnTe -1.8 S5s Cd+ 5p Te
-2.8 4s Zn + 5p Te
—4.6 5s Te

89



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2026. Vol. 19. No. 2

| _
T, % Fig. 6 shows the dependences of the trans-
80 mittance 7, on the photon energy hv for pure
ZnTe(111) "and for the Zn, Cd, Te/ZnTe(111)
60 film obtained by post- 1mp1anté1tion annealing
at 7= 850 K. Analysis of Fig. 6 shows that
the transmittance of the pure ZnTe sample
40 remains practically unchanged up to a photon
energy of about 2.1 eV, indicating the absence
20 of noticeable light absorption in this spectral
region. A sharp drop in transmittance to zero
\ ! is observed in the energy range hv = 2.1—
: L S 2.3 eV, caused by intense light absorption.

0.6 1.0 14 1.8 22 hv, eV

Extrapolation of this segment of the curve to
the Av axis allows approximately estimating the
Fig. 6. Dependences of optical transmittance  bandgap width £ . Similarly, the E value for
on photon energy for the as-grown the Zn Cd . Te ﬁlm was found to be approx-
ZnTe sample (curve /) and the final 1mately 1 75 eV. It should be noted that in
Zn,.Cd Te/ZnTe(111) film (curve 2). the second case, the sharp decrease in T
Film thickness was 30—35 A, room temperature ~ begins already at about 1.7 eV, but complete
absorption is reached only at about 2.2 eV.
Apparently, ultra-thin films (less than 40 A) exhibit some residual transparency even at hv >
Eg, transmitting low-intensity light.
Table 2 presents the band and optical parameters derived from the photoelectron and optical
absorption spectra for the initial and final samples (ZnTe and Zn .Cd .Te/ZnTe, respectively).
The energy of the valence band top E, was determined as the difference between the photon
energy and the width of the photoelectron spectrum:

EVZhV—AE.

The optical parameters of the samples were determined at a photon energy Av = 1.2 eV.
Analyzing the data in Table 2, we find significant differences in the band and optical param-
eters of the Zn ,Cd . Te film and the ZnTe substrate. In particular, the bandgap width for the
three-component film is about 1.75 eV, while for the substrate it is 2.35 eV. Subsequent studies
revealed that the value of x in the Zn,_ Cd_system reached 0.6 upon increasing the annealing
temperature to 900 K, and grew to 0.8 at 950 K Upon a further increase in temperature in
the range of 1000—1050 K, complete evaporation of cadmium atoms from the film occurred.
Variation of the Cd* bombardment energy in the range from 1 to 10 keV will allow for control-
lable modifications in the thickness of the Zn,_ Cd Te film from 30—35 A to 900—1000 A, which
opens up attractive prospects for precise tuning of material properties.

Table 2
Band and optical parameters of the films obtained
from UPS and optical transmittance spectra
Band energy Optical parameters
Experimental sample parameters (eV) athv=12¢eV

E E X R T, K

ZnTe 530 | 235 | 295 | 22 78 0
Zn, Cd Te 535 | 1.75 | 3.6 26 74

Notations: E is the energy of the valence band top, Eg is the bandgap width; y is
the electron affinity; R, 7;,1, K are the reflectance, transmittance and absorptance,
respectively; Av is the photon energy.
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Conclusion

For the first time, we comprehensively analyzed the effect of bombardment of the surface of
zinc telluride (ZnTe) films with low-energy argon (Ar*) and cadmium (Cd*) ions on changes in
the elemental composition and electronic structure of the near-surface layers.

It was found that irradiation with Ar* ions in the low-dose range (D < 10-5 cm™) led to
enrichment of the ZnTe surface with tellurium atoms, while a predominance of zinc atoms was
observed with at higher doses (D > 5-10"° cm™2); implantation of Cd* ions caused accumulation
of Zn and Cd atoms on the ZnTe surface.

Thin films of the Zn, ,Cd, ,Te solid solution with a uniform thickness in the range of 30—35 A
were formed by implanting Cd* ions into monocrystalline ZnTe followed by controlled annealing
at 850 K.

Photoelectron spectroscopy and optical transmittance spectroscopy were used to obtain the
distribution of the density of states of valence electrons, the energy band parameters and the
optical characteristics of the grown Zn ,Cd /Te thin films. Two distinct maxima in the density
of states were observed in the valence electron spectra of Zn ,Cd Te at binding energies of —1.4
and —5.2 eV. These maxima correspond to specific features of the electron density distribution in
the valence band of the material under study.
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