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Thermosensitization
of nanostructured PhSe films

The mode and conditions of thermal sensitization in the temperature range
648-698K lead selenide films deposited from ethylendiamine acetate system
were determined. The effect of heat treatment on the morphology and prop-

erties of photosensitive chemically deposited films of PbSe was showed. It is
concluded that the results obtained hy hydrochemical synthesis of nanostructed
highly sensitive to infrared range radiation layer of lead selenide provide per-
formance on the level of best foreign analogues.
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Introduction

Lead selenide is a semiconduc-
tor material most in demand for the crea-
tion of IR detectors for spectral range of
2-5 mkm'?. One of the promising meth-
ods of forming of PbSe thin layers with
high functional properties is hydrochemi-
cal deposition. This method is simple to
implement, has a wide range of techno-
logical capabilities helping, by having in
its base a colloid-chemical stage, to create
nanostructured semiconductor layers®*,

The present study is devoted to the
study of the process of thermosensitiza-
tion of hydrochemically deposited PbSe
films for providing high sensitivity for IR
radiation.

The experimental part

Hydrochemical synthesis of lead sele-
nide layers was carried out in a fixed-type
reactor at temperature range of 308—343
K at the process time of 40—60 minutes.
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One of the key questions in obtaining
highly-functional PbSe films is the ques-
tion of formulating of the reactionary bath
tank. From the point of view of producing
films of a certain thickness and structure,
the choice of complexing agents for lead
ions is important; this role was performed
by ethylendiamine C,H N, H, and ammo-
nium acetate NH,CH,COO. As an antiox-
idant for unstable in air aqueous solutions
of selen carbamide CSeN2H4, sodium
sulfite Na,SO, was used. For increasing
of'the sensitivity of the lead selenide films
to infrared radiation, ammonium iodide
NH,I was additionally introduced into the
reaction mixture.

Degreased pyroceramics plates ST-150
were used as substrates.

Preparation of highly sensitive to IR
radiation PbSe films requires a manda-
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tory operation of sensitization, for which
annealing in air is used. Heating leads to
the recrystallization of layers and oxy-
gen phased additions, in particular, to the
formation of oxygen-containing impurity
phases such as PbO, PbSeO,. Their pres-
ence in the layer helps to optimize the
carrier density and increase the value of
photo response. For this work, annealing
of the deposited films was carried out at
temperature range 648—698 K.

The crystal structure of the deposited
lead selenide films was investigated in de-
tails using X-ray diffraction. Radiographs
were obtained onadiffractometer "DRON-
4" in the angular range 29 = 20-90°
in step-scan mode, AO = 0.03 degrees.

Results and discussion

Using X-ray diffraction, it was found
that annealing leads to some increase in
constant of the PbSe crystal-lattice (struc-
ture B1) from a = 0.61185 nm for the
freshly precipitated layers to a = 0.61606
nm for the heat-treated at 678 K. This may
be due to the process of film recrystalliza-
tion and the ordering of their structure.

The results of electron microscopy
studies of PbSe layers are shown in Fig. 1.
It draws attention that freshly precipitated
PbSE layer (Fig. 1a) is formed of spheri-

Copper radiation using pyrolytic graphite
as a monochromator for distinguishing
CuKoa doublet from the continuous spec-
trum was used.

Electron microscopic images of PbSe
layers are made with a scanning electron
microscope JSM-6390.

The measurement of photoresponse
of synthesized films was carried out on
measuring stand K.54.410 after the elec-
trochemical deposition of paired nickel
contacts. The blackbody 573 K was used
as a radiation source, providing the irra-
diated samples at 9x10° Vt.sm™? and at a
modulation frequency of radiation in the
optical flow 1200Hz. The bias voltage is
set at 6 V/mm.

cal particles with prevailing globule sizes
of 80—200 nm, which, in turn, are com-
posed of spherical units of ~ 25-40 nm
in diameter.

Thus, obtained hydrochemical PbSe
deposited layers are nanostructured in
their architecture.

It can be concluded that formation
and growth of films of lead selenide from
aqueous solutions proceeds according
to cluster-cluster aggregation, involving
colloid chemical processes happening not

b
Fig. 1. Electron microscopic images of freshly precipitated (a) and annealed at

a temperature of 678 K (b) PbSe films. Annealing time is 10 minutes
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only on the substrate surface but also in
volume of the reaction mixture.

Heat treatment significantly alters
films morphology. As a result of recrys-
tallization, an increase in pri-mary na-
noscale aggregates up to 300—-600 nm
with changing their crystallographic form
occurs (see Fig. 1b).

We shall note that the size of the films
microcrystals from the results of electron
microscopy studies are in good agreement
with the estimate of the average size of
the coherent scattering films regions, cal-
culated according to the Debye-Sherrer
formula from X-ray data from the studies.

Fig. 2 shows the dependence of the
photo-response of PbSe films from the
time they were annealed at temperatures
of 648, 673 and 698 K. Dependencies
have pronounced maximum of response,
which with increasing temperature shifts
toward shorter annealing. Annealing at
698 K leads apparently to a sharp increase
in the rate of oxidation of lead selenide
and characterized by narrow time ranges
of rated maximum photoresponse. On the
other hand, it is clear that at an annealing
temperature of 648 K, the process of sen-
sitization is significantly lengthened, not
allowing achieving a high volt-watt sen-
sitivity of the films. It can be concluded
that the magnitude of photoresponse of
layers is the result of interconnected time-
temperature effects on the structure and
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Fig. 2. Dependence of the current-watt
sensitivity of the PbSe films on duration
of annealing at 648 K (1), 673 (2),
698 K (3)

composition of impurity. To ensure high
values of photoresponse, it is necessary
to select conditions to achieve a certain
degree of recrystallization and the level of
oxygenation of the layer. It is found that
the decrease in crystallite sizes, which
form PbSe films, contributes to a signifi-
cant increase in the level of its photore-
sponse.

Thus, the heat treatment of hydro-
chemically in air deposited nanostruc-
tured PbSe films by choosing of mode
and process parameters, provides the pos-
sibility of obtaining layers with high val-
ues of the photoresponse to IR radiation,
including to the level typical of the best
foreign models.

1. Butkevich V. G., Bochkov V. D., Globus E. R., Appliead Physics. 2001; 6:66.

2. Bode D. E. Detectors on basic Ph-salts. 1968; 3:299-327.

3. Markov V. F., Maskaeva L. N., Ivanov P. N. Hydrochemical precipitation of film
sulfide metals: modelling and experiment. Ekaterinburg: UrO RAN:2006, 216.

4. Markov V. F., Maskaeva L. N., Loshrareva L. D., Uimin S. I, Kitaev G. A., Pb,_
.Sn Se Substitutional solid solution prepared by coprecipitation from aqueos
solution.Inoranic materials. 1997; 33(6) : 665.

166



548.764:542.464

VK 549.328

B. M. bakanos, JI. H. MackaeBa, B. ®. MapkoB

Kaghedpa xumuu u npoyeccog copenusi.
Vpanvcxuii unemumym I'TIC MYC Poccuu,
ya. Mupa, 22, 620002, Examepunbype.

Ten.: (343) 360-81-68, E-mail: min@ural.ru

TepmoceHcnbunusaums
HAHOCTPYKTYPUPOBaHHbIX nneHok PhSe

OnpegeneHbl pexvMbl U YCOBUS TEPMOCEHCMOMNM3ALMM B TEMMEPATYPHOM
avanasoHe 648-698 K nneHok ceneHnpaa CBMHLA, OCaXAEHHbIX M3 3TUNeHaua-
MWH-aLLeTaTHOM cucTeMbl. MokasaHo BnMsHUE TepMo0bpaboTKy Ha MOpPChoNormio
1 (hOTOUYBCTBUTENbHbIE CBOWCTBA XMMUYECKM OCXAeHHbIX nneHok PhSe. Cpe-
NaH BbIBOZ O TOM, YTO MAPOXMMUYECKUIA CUHTE3 06eCneYnBaeT nosly4eHme HaHo-
CTPYKTYPUPOBAHHbIX BbICOKOUYBCTBUTENBHBIX K UK-M3nyyeHnto cnoes cenexnaa
CBVHLLA Ha YPOBHE NyYLLMX 3apybeXHbIX aHaoroB.

© bakaHos B. M., Mackaesa J1. H., Mapkos B. @., 2015

Beepenue

Cenenuy CBMHIA SBISIETCS I10-
JYTIPOBOJTHUKOBBIM ~MAaTepUAIOM, Hau-
Ooiiee BOCTPEOOBAHHBIM JUISI CO3JAHUS
HK-gerekTopoB Ui CHEKTPaIbHOTO
nuama3oHa 2—5 MM [1, 2]. OmanM w3
MIEPCIICKTUBHBIX METONOB (OpPMUPOBa-
HHASI TOHKHMX cjoeB PbSe ¢ BbicOKmMM
(bYyHKIIMOHAIILHBIMU CBOMCTBAMHU SIBJISICT-
csl THIPOXUMHUYECKOE OCAXKICHUE. DTOT
METOJT JIOCTAaTOYHO MPOCT B peasn3allni,
oOiajgaeT NIMPOKMMHU TEXHOJIOTHYESCKH-
MH BO3MOKHOCTSIMH, ITO3BOJISSIOIIMMU 3a
CYET HAXOJSIIENCST B €r0 OCHOBE KOJLIO-
HMIHO-XMMHYECKOM CTaIuN CO3/1aBaTh Ha-
HOCTPYKTYpHUPOBAHHBIC TTOJYPOBOIHH-
KOBEIE ciion |3, 4].

Hacrosiiiiee  mcciaegoBaHue  IOCBS-
IICHO HCCIIEJOBaHUIO TIpollecca Tep-
MOCCHCHOMIIN3AIUN  THAPOXUMHUYCCKU
OCaXIEHHBIX IUIEHOK PbSe ¢ wnenbro

o0ecTieueHHsT BBICOKOM UYyBCTBHTENHHO-
ctu k UK-u3nyuenuto.

OmHauM W3 KIIOYEBBIX IS MOTyde-
HUSL BBICOKO(YHKIIMOHAIBHBIX IUICHOK
PbSe smisercs Bompoc ¢opmupoBaHUs
peuenTtypsl peakunoHHOW BaHHBIL. C
TOYKU 3PCHUSA TMOJYYCHHUA IIJICHOK OIpe-
JIEJIEHHON TOJILIMHBI U CTPYKTYPUPOBAH-
HOCTH Ba)XCH BBIOOP KOMILIEKCOOOpa-
3yIOIIUX areHTOB i1 HOHOB CBHUHIIA,
POJIb KOTOPBIX BBIMOJHAIA 3TUJICHIUA-
MUH C2H4N2H , 1 auerar ammonus NH,
CH3COO. B kauectBe aHTHOKCHIAHTA
JUTS. HEYCTOMYMBBIX Ha BO3IYXE BOIHBIX
pacTBOpoB ceneHokapbamuaa CSeN H,
UCTIONb30BaIM Cynbdur Hatpus Na SO..
J17151 TIOBBIIIIEHUSI IyBCTBUTENLHOCTH TIIE-
HOK cereHnaa cBuHNA K MK-m3myuennio
B PCAKIMOHHYIO CMECH JOTIOIHHUTEIHEHO
BBOJIMJIH coIb Homuma amMmMoHust NH 4I.
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JKcnepuMeHTaNbHasA 4acTb

T'uppoxuMudecknii CHHTE3 CIIOEB Ce-
JICHU/a CBUHIIA OCYIISCTBISUIA B peak-
TOpE CTAIlMOHAPHOTO THIIA B JHAIa30HE
temrieparyp 308343 K mpu npomomku-
tenpHOCTH Tiporiecca 40—60 mun. B ka-
YEeCTBE IOUTOKEK HUCTIONB30BAIHCH TIPE-
BapUTEIBHO 00C3KUPEHHBIC CHUTAJIOBEIC
mactuabl Mapku CT-150.

[Tomyuenne BBICOKOUYBCTBHTEIBHBIX
k UK-m3nyuenuro mieHok PbSe tpebyer
MIPUMEHEHUST 00S3aTENFHON  OTIepaIiy
CCHCHOWIM3AIlNH, B KadecTBE KOTOPOU
HCTIONIB3YETCSI OTKUT B BO3IYIIHOW aT-
Mocdepe. Harper mpuBOIMT K peKpH-
CTAJUTM3AIMN CJIOEB M JO03UPOBAHHOMY
BBEJICHHUIO KHCJIOPOIa, B YACTHOCTH, K
00pa3oBaHUIO  KHCIOPOICOACP KAIINX
npuMecHbIX (a3 Takux, kak PbO, PbSeO..
Wx mpucyTcTBHE B CIIO€ CIIOCOOCTBYET
OTITIMHU3AITNH KOHIICHTPAIINN HOCUTEIEH
Y TIOBBIIICHUIO BEIMYHHBI (DOTOOTBETA.
B pabore OTKHUT OCaKAEHHBIX IUICHOK
MIPOBOAMIIN B TEMIICPATYPHOM AHATIa30HE
648-698 K.

Kpucrammmgeckass cTpykrypa oca-
JKICHHBIX IUIEHOK CEJICHWAa CBUHIA

Pe3synbTartbl 1 ux 06cyxaeHue

MeTooM peHTIeHOBCKOH TG paKIiH
OBLIO YCTaHOBIICHO, YTO OTIKHT ITPUBOIUT
K HEKOTOPOMY YBEIMYCHHIO TOCTOSHHOM
KpUCTAITHYECKOU pemeTku PbSe (cTpyk-
typaB1) ca=0,61185 uM 1 cBexkeoca-
JKJIEHHBIX cltoeB 10 a = 0,61606 aM, mis
TepMooOpaboTanHbIX Tpu 678 K. D10
MOYKET OBITh OOYCIIOBJIICHO MPOTCKAHUEM
mporecca PEeKPUCTANTH3AMNN TICHOK H
YIIOPSIOUCHUEM UX CTPYKTYPEIL.

Pe3ymeraTel  AIEKTPOHHO-MHUKPOCKO-
MTUYECKNX HCCICNOBAaHMHA N300paKeHHUH
cinoeB PbSe mpencraBnensr Ha puc. 1.
OO0pamaer Ha ce0s BHUMaHHE TO, 4TO
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JIETaJbHO WCCIEIOBAIN C ITOMOIIBIO
IU(paKINN PeHTTeHOBCKUX JTy4el. PenT-
TeHOTPaMMBbI OBLIM TOJMY4YEeHBI Ha Iu(-
pakto-metpe «J[lpon-4» B wuHTEpBaie
yoioB 29 = 20-90° B pexxuMe MoIraroBo-
ro ckanupoBanus AO = 0,03°. cnonb30-
BaJIM MEAHOE M3JTyUCHHE C TPUMCHEHHEM
MUPOJUTHIECKOTO TpaduTa B KauecCTBE
MoHoxpomaropa Jutst Beiaeneanst CuKao —
Iy0JeTa U3 CIUTONIHOTO CIEKTPA.

DIEeKTPOHHO-MUKPOCKOTIHIECKHUE
n3o00paxkeHust cinoeB PbSe BBITOTHEHBI
C TIOMOIIBIO PacTPOBOTO 3JIEKTPOHHOTO
Mukpockora JSM-6390.

W3mepenne (OTOOTKIMKA CHHTE3HU-
POBaHHBIX IIICHOK OCYIIECTBISUIM Ha
m3meputenbHoM crenne K.54.410 mocne
JIIEKTPOXUMHUUCCKOTO HAHECCHUS Iap-
HBIX HHUKEJIEBBIX KOHTAKTOB. B KauecTBe
HUCTOYHHUKA HU3JIYYCHUS HCIIOJIb30BAJIN
AUT 573 K, obecrnieunBaroriero ooiy4eH-
HOCTh 00pa3ma ua yposae 9%10° Br-cm?
IIPU 9aCTOTE MOIYIISALUH U3TY9ICHUS OTI-
trueckoro noroka 1200 I'n. Hanpsokenue
CMEIICHHUS yCTaHaBIUBaIN 6 B/MM.

CBEXKeOCaXIeHHBIH cioit PbSe (puc. 1, a)
chopmupoBaH M3 4acThll ChepUIECKON
dbopMbI ¢ TIpeodIaaloIUMU pa3MepamMu
1100y71 80—200 HM, KOTOpBIE, B CBOIO OYe-
pelb, COCTOAT U3 CHEPUICCKUX arperaToB
nmuamerpoM 25—40 am. Takum oOpazom,
MOJTyYEHHBIC B PabOTe THIPOXUMUIECKA
ocaxJeHHbIe ciion PbSe mo cBoelt apxu-
TEKType SIBIIAIOTCS HAHOCTPYKTYPUPO-
BaHHBIMH.

OTcroma MOXKHO CIETaTh BBIBOJ, UTO
o0OpazoBaHue W POCT IUICHOK CEJICHUAA
CBUHIIA U3 BOAHBIX PAaCTBOPOB IPOTECKA-
eT 10 MEXaHU3My KJIacTep-KIacTepHOU
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Puc. 1. D1eKTPOHHO-MUKPOCKOIINUECKHE U300paKEeHUs CBEXKEOCAKICHHBIX ()
1 OTOXOKEHHBIX Ipu Temmeparype 678 K (6) mnenok PbSe. Bpems omxura — 10 MunyT

arperanuy ¢ y4JacTHEM KOJUTOMIHO-XH-
MHUYECKUX TPOIECCOB, MPOTEKAIOIINX HE
TOJBKO HA TIOBEPXHOCTHU TOIIOKKH, HO H
B 00bEeMe PEeaKIIMOHHON CMEeCH.

TepmooOpaboTKa CyIIECTBEHHO H3Me-
HseT MOP(QOIIOTHIO IUIEHOK. B pesynbra-
T€ PEKPUCTAUTU3AINN TPOMCXOINUT YBeE-
JMYCHNE TIEPBUYHBIX HAHOPa3MEPHBIX
arperaroB 10 300—600 aM ¢ M3MeHEeHH-
eM WX KpHUCTauIorpapuueckord (opMbl
(puc. 1, 6).

OTMeTHM, 4YTO pa3Mepbl MHKPOKpPH-
CTAJUTNTOB ITUICHOK M3 PE3yJBTaTOB 3JIEK-
TPOHHO-MHUKPOCKOTIMYECKUX  HCCIEIO-
BaHMN XOPOIIIO COITIACYIOTCS C OIIEHKOM
CpemHUX pa3MepoB oOacTell KorepeH-
THOTO PacCEesHUS TUICHOK, PACCUUTAHHBIX
o gopmyne Jlebas — llleppepa u3 naH-
HBIX PEHTTCHOBCKHX HCCIICIOBAHHH.

Ha puc. 2 mpuBeneHsl 3aBUCUMOCTH
(dorooTkimka TuieHok PbSe ot Bpemenu
WX OT)KWTa TMpH Temmeparypax 648, 673
n 698 K. 3aBucumocTH WMEIOT BBIpa-
JKEHHBI MaKCUMyM OTKJIMKA, KOTOPBII
C pOCTOM TEMIepaTypsl CIBUTACTCS B
CTOPOHY MEHBIICH MPONOIDKUTEIBHOCTH
omxkura. OTxur npu temmeparype 698 K
IIPUBOJMT, TIO-BUAUMOMY, K PE3KOMY BO3-
pacTaHWIO CKOPOCTH OKHCJICHUS Celle-
HHJIa CBUHIIA U XapAaKTEPU3YETCS Y3KUM
BPCMCHHBIM  JIMAITA30HOM  MaKCUMyMa

¢ortoorsera. C qpyroil CTOPOHBI, BUIHO,
YTO [IpU Temreparype orxura 648 K 3na-
YUTCJIIBHO y)IJ'[I/IHHeTCH Hpouecc CCHCI/I6I/I-
JIN3aIid, He o0ecreunBasl TOCTIDKEHUS
BBICOKOW BOJIBT-BATTHOW YYBCTBHUTEIb-
HOCTH IUIEHOK. MOKHO Clie1aTh BBIBOI O
TOM, YTO BEIMYMHA (POTOOTKIMKA CIOEB
SIBJISIETCSI PE3YJIBTATOM B3aHMOCBSI3aHHO-
ro TEMIIEPaTyPHO-BPEMEHHOIO BO3ICH-
CTBUsSl Ha MX CTPYKTYpY U IPHUMECHBIH
coctaB. [[is1 oOecrieueHusT BBICOKUX 3Ha-
YeHUi (OTOTKIIMKA HEOOXOAUM TOa00p
YCJIOBUM JUISI TOCTHOKEHUSI OTpEesieH-
HOM CTENIEHN PEKPUCTAIIM3ALUU U YPOB-
Hs OKCHUI'€HH3aLMH CJIOs. YCTaHOBIIEHO,
YTO YMEHBIICHUE Pa3MEPOB KPUCTAJUIU-
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Puc. 2. 3aBUCMMOCTb BOJIBT-BATTHOM
YYBCTBUTEIBHOCTH TIICHOK PbSe ot
MPOAO/DKUTENBHOCTH oT>kura mmpu 648 K (1),
673 K (2), 698 K (3)
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TOB, (popMupyroNMX IUIeHKY PbSe, cro-
COOCTBYET CyIIECTBEHHOMY IMOBBIIIICHHIO
ypoBHS ee (OTOOTBETA.

Takum oOpa3zoM, TepMooOpabOTKa Ha
BO3JyXe THIPOXUMHYECCKH OCAKICHHBIX
HAHOCTPYKTYPUPOBaHHBIX IUICHOK PbSe

nyTeM 1oadopa pexnma W mapamerpoB
nporecca 00eCredynBaeT BO3MOXKHOCTb
MOJIyYCHUs CJIOEB C BBICOKHMMH 3HAde-
Husmu (portooTkinrka k MK-uznyuenuto,
B TOM YHCJI€ JI0 YPOBHS, CBOWCTBEHHOIO
Jy4IIaM 3apyOeKHBIM 00pa3iam.
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