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Time-resolved photoluminescence of ZnSe and ZnSe:Te single crystals

This study examines the time-resolved photoluminescence spectra of zinc selenide (ZnSe) single crystals,
both undoped and doped with the isovalent tellurium impurity, at 83 K, together with their steady-state photo-
luminescence spectra. The ZnSe crystals were excited using a nitrogen laser with a wavelength of 347 nm. In
the steady-state photoluminescence spectra of undoped ZnSe, three emission bands were observed, with max-
ima at approximately 443, 458, and 610 nm. Time-resolved luminescence spectroscopy made it possible to
resolve the 610 nm band into two components, with maxima near 580 and 640 nm. In the steady-state spectra
of tellurium-doped ZnSe crystals, three emission bands were also detected, with maxima at approximately
450, 505, and 640 nm. Time-resolved photoluminescence spectra allowed the 505 nm band to be resolved in-
to two components, with maxima near 485 and 510 nm. The intensity of the red emission band at 640 nm in-
creases with increasing tellurium concentration. It is hypothesized that this red photoluminescence band is as-
sociated with an intracentric transition of an associative defect involving a zinc vacancy, an interstitial zinc
atom, and a tellurium atom substituting for selenium. Considering the presence of an uncontrolled aluminium
impurity in the crystals, an alternative interpretation is also possible: the 640 nm band may originate from an
intracentric transition within a defect complex comprising a zinc vacancy, an aluminium atom substituting for
zinc, and a tellurium atom substituting for selenium.

Keywords: isovalent impurity, complex of defects, bound exciton, intracentric transition, vacancy, substitu-
tion, afterglow time, emission band

Introduction

Zinc selenide (zZnSe) is known for a number of properties, such as a high probability of radiative re-
combination due to direct optical transitions, a high photoluminescence quantum yield, and high photosensi-
tivity which make it attractive for optoelectronic applications. It is a semiconductor material with high trans-
parency in the infrared region and excellent optical properties.

ZnSe is used in several key areas, one of the most important being infrared optics. Components fabri-
cated from ZnSe include lenses, laser windows, protective optical elements, and focusing systems for CO,
lasers. The material transmits radiation over a wide spectral range (approximately 0.5 to 20 um), making it
suitable for high-power infrared lasers and thermal imaging systems. ZnSe is also widely used in thermal
imaging cameras, night vision devices, pyrometers, and infrared spectrometers.

The properties of ZnSe crystals that undergo technological processing and are used in optoelectronic
devices strongly depend on the characteristics of the initial crystals, including their background impurity
content and intrinsic defects. Defects present in the material can give rise to localized electronic states within
the band gap of the semiconductor, which act as recombination centers. Recombination involving these cen-
ters may be either radiative or non-radiative.

Due to intense luminescence of zinc selenide in the visible spectral range, its radiative properties have
long been the subject of extensive research. However, the interpretation of luminescence spectra of both self-
activated and impurity-doped ZnSe remains highly controversial. Time-resolved luminescence spectroscopy
makes it possible to distinguish individual emission bands within the overall spectral profile, each character-
ized by different decay times.

In [1], low temperature (T = 4.2 K) time-resolved photoluminescence spectra were studied for initial
ZnSe crystals purified by zone sublimation, as well as for crystals annealed in liquid zinc and bismuth. In
addition to the near band-edge emission lines, a broad green photoluminescence band with a maximum at
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approximately 520 nm (2.38 eV) and a relatively long decay time (on the order of 1 us) was observed in the
initial crystals. This band disappeared after annealing in liquid zinc and bismuth.

The aim of the present work is to clarify the nature of the centers responsible for ZnSe emissions in the
500-700 nm spectral region.

Experimental

To investigate photoluminescence spectra in the visible range, we prepared ZnSe single-crystal samples
similar to those studied in [1]. These were large-block ZnSe single crystals of the sphalerite structure, grown
from the melt under pressure without intentional doping. The crystals exhibited a dark resistivity on the order
of 10" Q-cm and n-type conductivity with an electron concentration of approximately 10” cm™.

Plate-shaped samples with parallel faces and a thickness of 1-3 mm were obtained from these crystals
by cleavage along the (110) plane.

In [2], secondary ion mass spectrometry (SIMS) revealed the presence of background impurities in sim-
ilarly prepared ZnSe samples, including aluminum, manganese, iron, indium, chromium, and tellurium, with
concentration on the order of 10"" cm™.

To clarify the nature of certain emission bands, additional samples doped with an isovalent tellurium
impurity were also prepared.

A pulsed nitrogen laser (LGI-21) with a wavelength of 337 nm was used as the excitation source for
photoluminescence. The laser operated with pulse duration of 10 ns, pulse energy of 30 uJ, and a repetition
rate of 100 pulses per second. Photoluminescence spectra were recorded at a temperature of T =83 K.

The experimental setup for time-resolved photoluminescence spectroscopy allowed variation of the de-
tection time window from 0.2 ns to 40 s, as well as shifting of this window by up to 100 ms relative to the
excitation pulse.

Results and Discussion

Figure 1 shows the emissions spectrum of the initial ZnSe sample at a temperature of 83 K. The photo-
luminescence spectrum is dominated by a broad long-wavelength band with a maximum at approximately
610 nm (2.03 eV). In addition, emission bands with maxima at 443 nm (2.80 eV) and 458 nm (2.71 eV) are
observed.

It is most likely that the band at 443 nm is associated with radiative recombination of free excitons [3],
while the 458 nm band can be attributed to bound excitons [4].

Time-resolved luminescence spectroscopy of the same initial ZnSe crystals showed that, at delay times
ranging from 0 to several hundred nanoseconds, the shape of the long wave-length band with a maximum
near 610 nm changes. At a delay time of 500 ns, two distinct maxima appear in the spectrum at 580 nm
(2.14 eV) and 640 nm (1.94 eV) (Fig. 2).

The orange emission band with a maximum at 580 nm is commonly attributed to donor-acceptor pair
recombination involving deep acceptor states (such as zinc vacancies, interstitial zinc, and impurity
centers) [5].

Given the presence of a background manganese impurity in the studied samples, it can also be suggest-
ed that the 580 nm band is related to an intracenter transition of manganese ions [6].
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Figure 1. Photoluminescence spectrum of ZnSe Figure 2. Red photoluminescence band of ZnSe
with background impurities at T =83 K at different delay times 0 ns (blue line) and 500 ns (red line)
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The long-wavelength emission band with a maximum in the range of 615-645 nm is commonly de-
scribed in the literature as non-elementary and is associated with complexes involving zinc vacancies and
impurity atoms that give rise to both acceptor and donor levels [3, 7-9].

The authors of [10] proposed a structural model for the centre responsible for the luminescence band at
630 nm, suggesting a complex defect consisting of an isoelectronic substitution (such as selenium, oxygen,
or tellurium) located in the vicinity of a zinc vacancy.

In [11], red emission in the 646-662 nm range is attributed to Frenkel-type defects of the form
0= ?§i2++3\/2”’ where Cr>* occupies an interstitial position at a chromium concentration of approximately
2x107 cm™.

It should be noted that the emission band near 640 nm observed in the present study is characterized by
a relatively long decay time (on the order of several nanoseconds). A similar decay time was reported in [1],
where it was also shown that the intensity of this band decreases after annealing the samples in liquid zinc
and liquid bismuth. Such annealing processes are known to reduce the concentration of zinc vacancies.

We proposed that the luminescence band near 640 nm originates from an intracenter transition of a de-
fect complex (Vz,— Zn;— TeSe)~ from an excited state to the ground state. To clarify the nature of this band,
we investigated photoluminescence spectra of ZnSe crystals doped with an isovalent tellurium impurity.

Figure 3 shows the photoluminescence spectrum of ZnSe crystals at 83 K with tellurium concentrations
of approximately 0.5 % and 1 %. Three emission bands with maxima at 450 nm, 505 nm, and 640 nm are
observed in the spectra. With increasing tellurium concentration, the intensities of the 450 nm and 505 nm
bands decrease, while the intensity of the 640 nm band increases.

Time-resolved photoluminescence measurements made it possible to resolve the 505 nm band into two
components with maxima at approximately 485 nm and 510 nm (Fig. 4). Thus, four emission bands —
450 nm, 485 nm, 510 nm, and 640 nm were identified in Te-doped ZnSe crystals.
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Figure 3. Photoluminescence spectra of ZnSe:Te Figure 4. 505 nm emission band of ZnSe:Te
crystals with tellurium concentrations of 0.5 % (blue line) recorded at different delay times: 0 ns (blueline),
and 1.0 % (red line) 250 ns (redline)

The increase in the intensity of the 640 nm band with increasing tellurium concentration suggests that
tellurium is involved in the formation of this emission band. The relatively long decay time, which coincides
with that of the 640 nm band observed in nominally undoped ZnSe crystals, supports the identification of
these bands as originating from the same center.

As shown in [1], the intensity of the 640 nm band decreases after annealing in liquid zinc and liquid
bismuth, conditions under which zinc vacancies are expected to be reduced. Upon increasing the measure-
ment temperature from 83 K to 300 K, the spectral position of the 640 nm band remains unchanged. Taken
together, these observations provide strong support for assigning this band to an intracenter transition within
a complex vacancy-impurity defect.

Since the as-grown ZnSe crystals contain background aluminum impurities, it is reasonable to assume
that alluminum may act as a donor in the complex centre, replacing the zinc vacancy; in this case, the defect
can be written as (Vz,—Alz—TeSe)™ instead of (Vz—Zni—Tes,) ™.
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The emission band with a maximum at 450 nm is most likely a red-shifted counterpart of the 443 nm
band previously observed in nominally undoped crystals, with the shift arising from the increased tellurium
concentration.

The emission bands with maxima at 485 nm and 510 nm are most plausibly attributed to recombination
via a donor level and an acceptor level associated with a zinc vacancy [3, 8, 12].

Conclusion

Time-resloved photoluminescence measurements of ZnSe single crystals at T =83 K revealed that the
broad emission band centered at 610 nm contains two distinct components with maxima at 580 nm and
640 nm. In addition, the 505 nm emission band observed in Te-doped ZnSe crystals was resolved into two
bands at 485 nm and 510 nm.

Based on the obtained results and analysis of the available literature data, it is proposed that the 640 nm
(1.94 eV) emission band originates from intracenter transitions and is associated with the presence of an
isovalent tellurium impurity in ZnSe crystals, incorporated into a complex defect of the type
((VZn_AIZn_TeSe)_ or (VZn_Zni_TeSe)_-
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JLLE. Kopanés, B.YO. Kyuepyk, 1.1. ITo6epexen, A.K. XaceHos

ZnSe xoHe ZnSe:Te MOHOKPHUCTAJAAPBIHBIH YAKbIT 00HBIHIIA
AKbIPATHLUIFAH (POTOJTIOMUHECHEHIUSICHI

JKympicta apHalBl JerHpiaeHOSTeH JXOHE TEeJUTypJBbIH H30BAIEHTTI KOCIACHIMEH JIETHPICHTEH MBIPHIIT
ceneHuai MoHOKpucTanmapbiHelH T =83 K TemmeparypachlHOaFrbl yakbIT —OOWBIHIIA — &XBIPATHUIFAH
(OTONMIOMHUHECIICHIIMST CHEKTPIepi MEH KOAIiMIi (POTONFOMHUHECHEHIMs CIIEKTpIiiepi KapacThIpbUIabl. ZnSe
KPHCTAJIAPbIHBIH COYJIeJeHYl TOJKBIH Y3bIHABIFEI 337 HM OOJaTBIH a30T Ja3epiMeH KO3ABIPBULABL.
Jlernpnenberen ZnSe KpUCTaITapBIHBIH KOAIMIT (DOTOJIOMHHECHEHIMS CIHEKTpIIEpiHAEe MaKCHUMyMAAphl
mamameH 443 HM, 458 HM jxoHe 610 HM OoJIaTBIH YII CQyJIeNeHy JKOJarbl OaiKaiasl. YakelT OOHBIHIIA
QKBIPATBUIFaH JTIOMHHECICHTTIK CIHEKTPOCKOIHS azici 610 HM >KonarslH MakCHMyMaapsl mamameH 580 HM
skoHe 640 HM OoNaTHIH eKi Kypamzac jKoJakka 0eryre MyMKiHAIK Oepai. TelurypMeH JerupieHreH MbIPBIIT
CeJIeHHU/I KPHUCTAIIAPBIHBIH KOIIMI1 ()OTONMIOMHHECICHINS CHEKTPIEepiHAe Je MaKCHMyMIaphl IIaMaMeH
450 1M, 505 HM xoHe 640 HM OONATHIH YIII CIyJIeNIeHY JKOJIaFbl aHBIKTAIIBL. YaKbIT OOHBIHINA aXXbIPaThUFaH
(doromomuHeceHIAsA crekTpiepi 505 HM KomarblHaH MakcUMyMaapbl mamameH 485 HMm xoHe 510 HM
OoMaThIH €Ki JKONAKThl Oeiim KepceTyre MYMKiHAIK Oepmi. 640 HM aiiMarbIHOAFBl KbBI3BUI COYJIEICHY
JKONAFBIHBIH KAPKBIHABUIBIFBI TEJUTyp KOHIEHTPAIMSACHIHBIH apTybIMEH ©CEeTiHI aHBIKTaIIbl. Bys KbI3bIT
(hOTOMIOMHUHECIICHIINS JKOJIAFBl CEJICH aTOMBIH aJIMAaCTBIPFaH TEIUTYP aTOMBIHBIH, MBIPBII BaKaHCHUSICHIHBIH
JKOHE TYHIHApAJBIK KEHICTIKTErl MBIPBHIII aTOMBIHBIH KaTBICYBIMEH TY3UJIETIH acCOIMAaTHUBTI aKayJblH
IMIKIOPTANBIKTHIK aybICYbIMEH OaiiTaHBICTHI JAereH OospkaM YCHIHBULABL Kpucranmmappa OakpuiaHOAWTHIH
TIOMHUHHI KOCHACBHIHBIH OOJYBIH €CKepe OTBIPHIN, 640 HM KOJIaFbIH MBIPBIII BAaKAHCHSICHIH, MBIPBIII OPHBIH
0acKaH aJIOMHHUI aTOMBIH JKOHE CEJICH OpHBIH 0acKaH TEJUTyp aTOMBIH KaMTHTBIH aKayliap KeIIeHiHJeri
IIKIOPTANBIKTHIK aybICy PETiHAE TYCIHIIPY A€ MYMKIH.

Kinm ce30ep: W30BaNeHTTI KOCHa, akaylap KeIIeHi, OaiJlaHbICKaH 3KCHUTOH, IIIKIOPTAJBIKTHIK ayBICY,
BaKaHCHUs, OPBIH 0acy, KeHiHT1 KapKbIpay YaKbITHI, COYJIEICHY JKOJIaFbl

JL.E. KoBanés, B.1O. Kyuepyk, U.U. [Tobepexen, A.K. Xacenos

Pa3pemiénnasi Bo BpeMeHH (pOTOTIOMHHECHCHIIUS
MOHOKpHcTa/LI0B ZNSe u ZnSe:Te

B pabote paccMOTpeHsBI CrieKTphI (POTOTIOMUHECIIEHIINH, Pa3peICHHbIE BO BPEMEHH, MOHOKPHCTAIIJIOB Celle-
HHUJJa IUHKA 0e3 CIEIMaIBHOTO JIETHPOBAHHS H JIETHPOBAHHBIX H30BAICHTHON NPHUMECHIO TEJUTypa HPH TeM-
neparype 7 = 83 K u oOpraHBIe CrIeKTpHL. M3mydeHue kpuctauioB ZnSe Bo30YKIaloCh a30THBIM JIa3€pOM C
IUTHOH BOHBI 337 HM. Ha 0OBIMHBIX cHeKTpax (OTOTIOMUHECHEHIINY HEIETHPOBAaHHBIX ZnSe HaOII01aInCh
TPH TIOJIOCHI M3ITYyYEeHUS ¢ MaKkCHMyMamu okosio 443 um, 458 HM u 610 HM. MeTox BpeMeHHOH JrOMUHEC-
LEHTHON CIIEKTPOCKOIHHU TO3BOJMI M3 MOJOCH 610 HM BBIAETHTH JBE C MaKCHMyMaMH OKojo 580 HM u
640 HM. B 00BIUHBIX cHeKkTpax (OTONIOMHUHECLIEHINY KPHCTAJIOB CEJICHN/IA IMHKA, JISTHPOBAHHBIX TEJLTY-
POM, MPUCYTCTBOBAJIM TPH MOJIOCHI U3NTyYeHHs ¢ MakcuMyMmamu okoutio 450 um, 505 um u 640 uM. Pazpemén-
HBIE BO BPEMEHH CIIEKTPHI (YOTOTIOMHHECIEHIIMU U3 MOJOCHl 505 HM BBIISNHIN JIBE€ C MAKCUMyMaMH OKOJIO
485 uM 1 510 HM. VIHTEHCHBHOCTD KPAacHOM MOJIOCH! U3NlydeHHs1 640 HM yBeIMYNBAETCs C YBEIMYEHHEM KOH-
LEHTpAaIlUK TeJuTypa. BeiIBiHYyTa THIIOTE3a, 9TO KpacHas moyoca GoTtomomunecteHmu 640 HM 00ycioBieHa
BHYTPHIICHTPOBBIM NIEPEXOTOM aCCOIMATHBHOTO Ne()eKTa ¢ yJacTHeM BaKaHCHU IMHKA, IMHKA B MEXKA0Y3-
JMU ¥ TeJTypa, 3aMemniaiomero ceiaeH. C y4€ToM IPHCYTCTBHS B KPHCTAIaX HEKOHTPOJIMPYEMOH NMPUMECH
QTIOMUHHMS, TaK)K€ BO3MOXXHA MHTEpIIpeTanust IMojaocsl 640 HM Kak BHYTPHUIIEHTPOBOH Iepexo] KOMIUIeKca
neeKToB, BKIIIOYAIONIETO BAKAHCHIO IIMHKA, aATIOMUHUM, 3aMeIaonil IUHK, U TEJUIyp, 3aMelaouii ce-
JIEH.

Kniouessie cnosa: n30BajicHTHAS NpUMECH, KOMITJICKC )Ied)eKTOB, CBSI3aHHBIN OKCUTOH, BHyTpHLlGHTpOBOﬁ ne-
pexon, BakaHCHs, 3aMEIIEHUE, BPEMS TIOCJIECBEYCHUS, 110J10Ca U3ITYyUCHUSA
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