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It is experimentally established that thermal annealing of single-crystal substrates of Cdi..MnyTe
(x =0.04-0.45) solid solutions in the air at 920 K results in formation of surface nanostructure (SNS). In so
doing, optimal annealing time ¢, for each molar composition x is determined by empirical expression
tae= 35+ 1.3 x, min. Analysis of AFM-topograms shows that SNS is a set of pyramids with the base size 2-
5 pm, which are a combination of smaller 10-100 nm nanopyramids. The result of size quantization in the
latter is luminescence band in the energy region A larger than the energy gap of material Eg, and its max-
imum Awmn with increasing x is displaced toward high-energy region. Large half-width of this band is due to
considerable spread in dimensions of small nanopyramids. Displacement of maxima of bands of differential
optical transmission spectra of substrates with SNS to low-energy region is explained by joint action of
light absorption and scattering with participation of free pyramids.

Keywords: Cdi.xMniTe solid solutions, annealing, AFM-topograms, Surface nanostructure, Nanopyra-
mids, Luminescence, Differential optical transmission spectra.
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1. INTRODUCTION

The crystals of Cdi.xMnxTe solid solutions have a
bright outlook for the use in various fields of functional
electronics, including devices with rectifying barrier.
Among them are surface barrier diodes (SBD) which
offer a number of advantages compared to rectifying
structures with p—n-homo- or heterojunctions [1]. Be-
sides, increase in Mn concentration causes the respec-
tive increase in bandgap Eg which contributes not only
to expansion of spectral region of optoelectronic devices
based on CdixMnxTe, but also to the increase in their
temperature and radiation resistance. Unfortunately,
growth of x leads to deterioration of the structural per-
fection of crystals, though solid solution is considered to
be homogeneous up to x = 0.77 [2]. The above structural
defects can significantly degrade the operational pa-
rameters of devices on SBD and their temporal stabil-
ity, as long as their properties are largely determined
by the surface condition. In this connection, of great
current interest is a search for methods and modes of
treatment of semiconductor substrates for optimization
of the basic surface parameters. One of the promising
ways is creation of the surface nanostructure (SNS)
which can not only improve characteristics of SBD, but
also substantially change the properties of the base
semiconductor. This paper is concerned with investiga-
tion of SNS influence on the optical properties of mono-
crystalline substrates of Cd1.xMnxTe solid solutions.

2. SAMPLES AND INVESTIGATION TECH-
NIQUES

Note that at present the only known method for ob-
taining SNS on CdixMnxTe substrates is their pro-
cessing with pulsed radiation of a ruby laser. Thus, in
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papers [3-5] it was shown that irradiation of CdTe and
Cdo.9sMno.o4Te samples by light impulses with energy
density below the ablation threshold leads to the for-
mation of nanosized ordered structures on the surface.
The average arithmetic roughness and homogeneity of
the islets are determined by the energy and time of
irradiation and in general they are complex in nature
which is explained by defect-deformation mechanism of
the phase transition on the surface of the crystals.

For creation of SNS we used a much simpler techno-
logy which successfully showed itself in the manufac-
ture of Au-CdTe contacts with the efficiency of photo
transformation ~ (13-15) % at 300 K in light conditions
AM1.5 [6]. It is based on self organization processes
that are realized in narrow temperature and time in-
tervals of annealing of semiconductor substrates in the
air. Instead, it was found that the regimes given in [7]
for CdTe were completely unsuitable for Cdi<MnyTe
samples. In this regard, the optimal values of the tem-
perature Tu and the time of annealing t. were deter-
mined experimentally by the similarity of
AFM-topogram of each solids composition to AFM-
topogram of CdTe (Fig. 1), in which the maximum effi-
ciency of the photoluminescence is observed [7]. Studies
have shown that temperature 7.~ 650+ 20 °C corre-
sponds to these criteria for CdixMnxTe. Time to de-
pends on molar composition and is well described by
the empirical formula ¢, = 35+1.3 %, min, Fig. 2. It was
also experimentally determined that temperature
Ta =650+ 20 °C is optimal, because at T'< Tq the sur-
face remains almost specular, while at T'> Tq it tends
to form a block structure. In addition, studies have
shown that the formation of SNS on the CdixMnxTe
substrates, as in the case of CdTe, causes a significant
increase in the efficiency of luminescent radiation, the
nature of which is discussed below.
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Fig. 1 — AFM-topogram of the surface fragments of CdTe (a) and Cdi«MnyTe (b, c) substrates annealed under optimal conditions
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Fig. 2 — Dependence of annealing time ¢, on molar composi-
tion x of Cdi.xMn,Te crystals annealed at 7o = 620 °C

Surface morphology was studied with the use of
atomic-force microscope NT-206, and AFM-topogram of
CdTe and CdixMnxTe samples annealed under optimal
conditions are presented in Fig. 1. Luminescent spectra
N, and optical transmission spectra 7, were investi-
gated using a universal measuring complex consisting
of a diffraction MDR-23 monochromator and standard
synchronous detection system. Photoluminescence was
excited by Ns-laser with a wavelength An = 0.337 um,
and a photomultiplier FEP-79 was used as a detector.
A change in excitation level L within four orders of
magnitude was performed with the aid of a calibrated
set of neutral-density filters. A halogen lamp with
“smooth” radiation spectrum served to measure the
differential transmission spectra T,, and the measure-

ments where carried out on the same complex in A-mo-
dulation mode [8]. The spectral characteristics were
plotted with regard to the corresponding hardware
functions of the measuring complex, and the studies
were conducted in the room temperature range.

3. RESULTS AND DISCUSSIONS

The most characteristic feature of the Cdi«MnyTe
substrates annealed under optimal conditions is the
appearance of B-band (Fig. 3) which has the following
properties. First of all, it has a rather big half-width
(Ahw: = 0.8 eV) that practically does not depend on the
molar composition x of substrates and the excitation
level L. Second, the energy position of the maximum

ho? significantly exceeds Eg of the base material and

increases with increasing of x, inset in Fig. 8. Third, its
intensity Ip depends linearly on the excitation level
within four orders of magnitude. All this facts exclude
the participation in the formation of B-band of f-MnTe
clusters, the radiation of which in CdixMnxTe crystals
at 300 K is characterized by the following parameters —
hwm = 3.24 eV, Ahw; = 0.06 eV and I~ L2 [9]. Also, note
that the luminescence of the S-MnTe clusters was ob-
served only at excitation levels 3-5 orders of magnitude
larger than the maximum value L used in this paper.
Finally, we note that B-band is not formed by transi-
tions between conduction band and the valence band
split due to the spin-orbital interaction, because in this
case parameter Ahw: would be ~ 0.05eV and the de-
pendence I(L) should obey the law I ~ L2 [10].

hok, ho,l, eV
N, a.u. 3.0

- 2.6 ’O‘O/O}(ro’

1.5 2.0 2.5 3.0 hiw, eV

Fig. 3 — Photoluminescence spectrum of Cdo.7sMnossTe sub-
strate with SNS. On the inset — the dependence of B-band
maxima position (1) and differential optical transmission (2) of
the base substrate on molar composition. 7= 300 K

Taking into the account the above, the most likely
reason for the occurrence of B-band is SNS, which ap-
pears after annealing of the substrates under optimal
conditions. It is here that quantum-size effect is real-
ized, which becomes apparent in increasing the
bandgap of spherical crystal as compared to unbound-
ed. If we consider that luminescence is caused by a set
of oscillators, their largest number is responsible for
radiation with the energy Awm, which can be represent-
ed by expression [11]
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2|12
hol =E, +Z h [i+i] (1)

2dg |\ m, m,

Where do is diameter of spherical nanocrystal, m,
and m:, are effective masses of electron and hole, re-

spectively. As long as the bandgap of CdixMnxTe solid
solutions is a linear function of x [12], then according to

(1) in the first approximation %@? should be also simi-
lar to dependence Eg(x). Indeed, experimental depend-
ence fiwP(x) is approximated by a straight line at x

change within 0.04-0.45. However, its slope is almost
factor of two smaller than that of dependence Eg(x),
inset in Fig. 3. Possible reasons for such distinctions
will be discussed later.

Formula (1) allows estimating the average size of
nanocrystals that determine the maximum of B-band.
Due to the absence of information on dependences

m;'p(x) for Cdi1.x<MnxTe solid solution and taking to ac-

count the estimative nature of the calculations, we will
use the known value of m; =0.11m, and m, =0.35m, for

CdTe [13]. Assuming the average value of the differ-
ence hwy —E, ~0.7 eV and after the substitution of the

quantities m:,p we will obtain for do~ 5 nm. Instead,

the analysis of zoomed fragment of AFM-topogram
(Fig. 1¢) shows that the minimal size of pyramids SNS
is ~ 10 nm, which is twice as large as the estimated
value. The contradiction is eliminated, if we assume
that the radiation in the vicinity of the maximum of
B-band is formed by the vertices of nanopyramids. The
collateral evidence is presence in the luminescence
spectrum of photons with the energies Aw > hwm, which
may be due to nanoobjects of size smaller than
do = 5 nm. An abnormally large half-width of B-band is
caused by significant dispersion of sizes (10-100 nm) of
shallow nanocrystals that are part of the larger pyra-
mids with the base size 1-5um, Fig. 1c.

As will be shown below, larger size structural ele-
ments of SNS taking no part in the formation of B-band
cause significant changes in optical transmission. We
will analyze the results involving differential transmis-

sion spectra T, used to find dependence Eg(x) of

Cd1xMnxTe base substrates, inset in Fig.3. The value
E; for each composition was determined by the energy

position of maximum 7%ay], of curve T/, typical appear-

"’
ance of which for Cdo.7sMno.25Te is presented by curve 1
in Fig. 4.

Due to the fact that the position of %], (hence, the

value of Eg) depends not only on x but also on sample
thickness [, the latter for all base substrates was iden-
tical and equal to 200 pm. It is obvious from the above
that the experimental values Eg(]) will be different
from real E(0), and the difference AE; = Eq(l) — E¢(0)
will also depend on [ and grow as the thickness in-
creases. Instead, for substrates of cadmium telluride
(which, like a solid solution, is a direct-gap semiconduc-
tor) of thickness ~ 200 pm, the AEg ~ 30 meV [14]. In so
doing, the relative error AE E; in determining the
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bandgap from the of CdixMnsTe

(0.04 < x<0.45) substrates does not exceed 0.02 with
little or no impact on the absolute value of E; and its
dependence on x. So, we can assume that the reason for
the difference in the slope of the straight lines (inset in

curves T,

n.p
of which goes beyond the scope of this work.

Research showed that creation of SNS on the sub-
strates causes a decrease in the ordinate of curve T,

a

Fig. 3) is dependence of m_ . and do on x, the definition

and also a shift of its maximum %y, towards lower

energies, Fig. 4.
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Fig. 4 — Differential spectra of optical transmission of

Cdo.7sMno.2sTe substrates: with SNS (2) and without (1). On
the inset — the dependence of the difference in maxima posi-
tion of curves T, of the base crystals and crystals with SNS

on molar composition. 7'= 300 K

Note that this fact is observed for all samples under
study. Moreover, the difference %@, between curve
maxima T, of specular and matt surfaces grows with

the increase in x, inset in Fig. 4. These results are con-
sequence of light scattering effect on pyramids of dif-
ferent size d, including with d <0.1-0.240. The wave-
length Ao corresponds to the absorption edge and is
determined by formula Ao= 1.24/E,, varying for the
investigated samples in the range of 600-800 nm. For
structural elements with such d in the first approxima-
tion it can be considered that the intensity of scattered
light I; changes by the Rayleigh law Iz~ w4, which
causes an increase in the absorption and the observed

shift of %, . Decrease in the ordinates of curves T/ of

substrates with SNS compared to non-annealed sub-
strates (Fig. 4) is due to increase in absorption coeffi-
cient, which is related to multiple reflection processes
on pyramids with do= 1-5 pym. Such effects are ob-
served in textured Si-photolements [15], as well as in
Au-CdTe contacts with a modified surface [6], eventual-
ly causing significant improvement of their photoelec-
tric parameters. Besides, as in the case of CdTe [7],
SNS leads to decrease in the speed of surface recombi-
nation. This results in efficiency increase of A-band
boundary photoluminescence (Fig. 3) which is almost
two orders of magnitude smaller in the base substrates.

4. CONCLUSIONS

Thus, the above results indicate the possibility of
obtaining the surface nanostructure on CdixMnyTe
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substrates by annealing under certain conditions in the
air. AFM-topograms show that surface nanostructure
consists of pyramids of size 2-5 pm which in turn are a
combination of smaller 10-100 nm nanopyramids. The
latter participate in the formation of a wide band of
photoluminescence in the region of photon energy 2.2-

J. NANO- ELECTRON. PHYS. 9, 05026 (2017)

3.2 eV, which is the result of quantum-size effects. The
structural elements of larger size are responsible for
the observed shift towards the low-energy region of
maxima of differential optical transmission spectra and
the decrease in their amplitude.

OTpuMAaHHA Ta ONTHUYHI BJIACTUBOCTI MiOKJIASMHOK 3 IIOBEPXHEBOIO HAHOCTPYKTY PO IO

B. II. Maxuizn 1, I'. 1. Bogron 1, M. @. ITasmaok 2, O. M. Caboros !

1 Yepriseupkuil Haylonanvrull yHisepcumem imeri I0pis @edvrosuua, 8yn. Kouoburcviozo 2,
58012 Yeprisui, Yrpaina
2 [Ipurxapnamcvkuli HauloHabHUL YHigepcumem imeri Bacuns Cmegpanura, eyn. Illesuenka 57,
76018 Isano-DPparkiscok, Yepaina

ExcnepuMenTasbHO BCTAHOBIIEHO, IO TEPMIYHMI BiJIIAJ MOHOKPHCTAIYHUX ITIKJIAJHHOK TBEPIUX
posumnuiB CdixMnyTe (x = 0,04-0,45) ma mositpi mpu 650 °C IPUBOAUTEH 10 YTBOPEHHS MMOBEPXHEBOI HAHO-
crpyrrypu (ITHC). Ilpu npomy onTumasibHui Yac Binmasy ts JJIsi KOKHOTO MOJISIPHOTO CKJIaZy X BH3HAYa-
€ThCSA eMIIIPpUYHUM BHpPa3oM tp ~ 35 + 1,3 x, xB. Anamia ACM-romorpam nokaaye, mo [THC saBisie coboro Ha-
Oip mipamig 3 po3mMipoM OCHOBH 2-5 MKM, siki € 00'enHaHHAM Olabm Minkux 10-100 Hm Hawmomipawmin. Hac-
JTIITKOM PO3MIPHOTO KBAHTYBAHHS B OCTAHHIX € CMyTa JIIOMIHECIIEHII] B 06J1acTi eHepriit Ao O1bIIux 3a mu-
puHy 3abopoHeHol 30HU E; marepiany, a II MakcuMyM A@n 3 POCTOM X 3MINLYeTHCS Y BHUCOKOEHEPTreTUUHY
cropoHy. Besmka miBmmpuHa i€l cMyru o0yMOBJIEHA 3HAYHUM PO3KHIOM PO3MIPIB MIIKHX HAHOIIpaMin.
BMileHHsT MAKCUMyMIB CMYT JAU(MEPEHI[IHHUX CIEeKTPIB ONTUYHOIO IpolryckaHHs mifakiaaguuaor 3 ITHC y
HU3bKOEHEPreTUIHY OOJIACTDH IIOSICHIOETHCSI CYMICHOIO JI€I0 IIPOIIeCiB IIOIVIMHAHHS 1 PO3CISHHS CBiTJIa 3a
y4acTIo O1JIBIIUX MipaMis.

Kirouosi cnopa: Teepni posumau CdixMniTe, Bimgman, Iloepxuesa mamoctpyxrrypa, ACM-Tomorpamwu,
HaHomipaminy, Jlrominecueniiss, J{udepeHiiifai ClieKTpU OITUYHOTO IIPOITYCKAHHS.

IMonyyeHue u onTUYecKue CBOMCTBA IOAJIOKEK C IOBEPXHOCTHON HAHOCTPYKTY POIL

B. II. Maxuuit !, I'. Y. Boxros 1, M. @. ITasmokr 2, A. M. Ciéros !

1 Yeprosuukuil Hauuoratvkbiti ynusepcumem umernu KOpus Qedvkosuua, yn. Kouobuncroeo 2,
58012 Yeprosupt, Yipauna

2 [Ipuxapnamckuti HQUUOHAIbHLLL YHUepcumem umernu Bacunus Cmegpanura, yn. Ilesuenra 57,

76018 Hesarno-DPpanrosck, Yrpauna

OKCIepUMEHTAJIBHO YCTAHOBJIEHO, YTO TEPMHUYECKHUI OTKUT MOHOKPHUCTAJUIMYECKHUX MOJIJIOKEK TBEPIBIX
pactBopoB CdixMniTe (x=0,04-0,45) ma Bo3myxe mpu 650 °C mpuBoauT K 00pA30BAHUIO IIOBEPXHOCTHOU
ranocTpykrypsl (IIHC). ITpu sTom orrrumaspHOe BpeMsi OTSKHUra fo JJIs KAsKIOTO MOJISIPHOTO COCTABA X OIpe-
JIeJISIeTCST SMIINPUIECKUM BBIpaskeHueM to = 35 + 1,3 «, mun. Ananua ACM-ronorpam nokassiBaer, uro ITHC
SIBJISTET c000I HaOOp IHMpaMuI ¢ pa3dMepoM OCHOBHI 2-5 MKM, KOTOpEIE SIBJISIOTCS 00beIHHEeHUEM 0ojiee MeJI-
kux 10-100 um Hanonupamun. CilecTBHEM pa3MepHOro KBAHTOBAHUS B IIOCJIEIHUX €CTh I10JI0CA JIOMUHEC-
LeHIMK B 00JIacTy dHEepruil Aw OOJIBIINX 32 IMIMPUHY 3alpelneHHoM 30HB E; MaTepuaia, a eé MaKCHMyM
hom ¢ yBeMUeHNEM X CMENIAETCsI B BBICOKOIHEPTeTHUECKYI0 CTOPoHY. Bosbinas mostymupuHa JaHHOM I0JI0-
CBI 00yCJIOBJIEHA 3HAYUTEJIHFHBIM pa3dpocoM pa3MepoB MeJsKux HaHomupamwuy. CMmelneHure MakCUMyMOB II0-
noc nudppepeHITnaTbHBIX CIIEKTPOB ONTHYECKOro mpomnyckanus mnoaioskek ¢ [IHC B HuakosHepreTudaeckyio
00J1acTh 00BSICHSIETCSI COBMECTHBIM JEMCTBHEM IIPOIIECCOB IIOTJIONMIEHUS U PACCESHUS CBETA C YIACTHUEM CBO-
OOIHBIX ITHPaAMU/I.

Kinrouessie ciosa: Teepaeie pactsoper CdixMniTe, Orxur, Ilosepxuocraas manoctpykrypa, ACM-tomo-
rpammel, Hanomupamvuner, Jlromunectiennus, Juddeperiinansbabie CIIeKTPEI OIITHYECKOTO IIPOITY CKAHMS.
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