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As it was established before [1], layered
semiconductor InSe can be intercalated with
hydrogen. Influence of hydrogen intercalation on
properties of indium monoselenide is important
from the scientific point of view as well as starting
from its possible application as hydrogen
accumulators with a high sorption capacitance.

Our investigations were carried out for y-
InSe single crystals grown by the Bridgman
method as well as for their hydrogen intercalates
H,InSe (0<x<2.0), where x is the amount of
inserted ions per the formula unit of InSe. The
hydrogen interca-lation was performed by the
electrochemical method from a 0.1 N aqueous
solution of hydro-chloric acid. The studies were
carried out by means of the measurements of
transmission spectra in the range of the InSe
excitonic absorption at T=77 K. This method was
also used to investigate intercalation —
deintercalation processes in hydro-gen intercalates
H,InSe (0.02=x=<2.0).

The process of thermally stimulated
deinterca-lation of the inserted hydrogen from the
insertion compounds H,InSe has been carried out
using their thermal treatment at a temperature
110°C during 3 to 9 hours at simultaneous
pumping out. Registering a deintercalation degree
after the thermal treatment was done by means of
the comparison between the “standard” (for a not
thermally treated sample) concentration dependen-
ce of the energy Ilocation of the excitonic
maximum at T=77 K and those for thermally
treated samples HiInSe (0.02<x<2.0), i.e. under-
gone to thermally stimulated deintercalation. Fig.1
shows the concentration dependence of the
reversibility of hydrogen insertion for H,InSe after
a thermal treatment during 6 h. As it follows from
this plot, the deintercalation degree gradually
increases with increasing x from 63 % at x~0.02 to
78 % at x=2.0.

We have also investigated the dependence of
the spectral location of the excitonic maximum on
the amount of inserted hydrogen for H,InSe
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intercalates (0<x<2.0). It is established that the
concentration dependence of the spectral location
of the excitonic maximum is non-monotonous
(Fig.2). As one can see from this plot, the Ee(x)
dependence can be schematically divided by three
parts: (i) the range of the increase of Ec. from the
value 1.3275 eV for as-grown InSe to 1.3320 eV
for HysInSe intercalate, (ii) the range of the
gradual decrease of E.,. to the value of 1.3295 eV
in the range 0.5<x<1.0, and (iii) the range of a
comparatively constant value of E.. of about
1.3295 eV at 1.0<x=2.0.
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Fig.1 Concentration dependence of hydrogen insertion
reversibility for H,InSe thermally treated for 6 h.
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Fig. 2. Concentration dependence of the energy location
of excitonic maximum E., for hydrogen inter-
calate H,InSe at T=77 K.



Starting from  the above-described
experimental data for H,InSe intercalates
(0<x=2.0), the concentration E.(x) dependence
can explained as follows. The shift of the excitonic
peak energy location at T=77 K due to
intercalation takes place due to variations of the
energy gap E, and the exciton binding energy Ey..
In the general case a variation of E, occurs as a
result of competitive contributions of inter-
intralayer deformations, which have the opposite
signs of the deformation potential [2]. The shift of
the excitonic peak location to the high-energy
range by 4.5 meV (Fig. 2) in the range of the
hydrogen content 0<x<0.5 is caused by a variation
of the interlayer elastic constants what leads,
according to [2, 3], to the fact that in H,<sInSe
intercalates the increase of the energy gap E,
prevails a variation of the exciton binding energy
Epe. The opposite behaviour of the Eey(x)
dependence takes place due to the next
circumstances: (i) a variation of the interlayer
elastic constants what, according to [2, 3], leads to
a decrease of E, in the intercalated crystals, (i) a
variation of the exciton binding energy Ey,
preferably due to the effective mass, (iii) the band-
to-band transitions with a participation of the
density-of-states tail, and (iv) fluctuations of the
energy gap edges under influence of a random field
of the inserted impurity. The constant value
Eexe=1.3295 eV observed in the hydrogen
concentration range 1.0<x<2.0 means that the
competitive contributions from the first and second
ranges are approximately the same

In order to explain the -concentration
dependences of the hydrogen insertion reversibility
N(x) for H,InSe (Fig. 1) it is necessary to take into
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account that the intercalant in the crystal-matrix
exists in bound and quasi-bound states. We
suppose that the abrupt increase of N, especially in
the range x>1.25, takes place due to the fact that
the quasi-bounded intercalant, existing in the Van
der Waals gaps, consists of “quasi-liquid” and
“viscous” hydrogen films [3].

Therefore, the investigations of the hydrogen
intercalates based on layered InSe semiconductor
indicate on the appearance of the new effects
caused by hydrogen insertion and are important for
possible applications
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BJIUAHUE UHTEPKAJIMPOBAHUSA U JEMHTEPKAJIMPOBAHUSA
BOAOPOJA HA DKCUTOHHBIE CIIEKTPbBI
CJIOUCTOI'O KPUCTAJLJIA InSe

Koasmok 3.J1., ITeipsist M.H., Bosensok B.B.
Wuctutyt npobaem matepuanosenenust HAH Ykpaunsl, UepHoBuUIKOE
otaenenue, yi.Upunsl Bunsae 5, Uepnosusl, 58001 Ykpanna

Kak Obumo ycranoBneno panee [1], ciouctsrit
MTOTYTIPOBOTHUK  InSe MokeT OBITH HMHTEpKaH-
poBaH BOIOpOAOM. BrimsHHME HHTEpKaIMpPOBAaHUA
BOJOPOJOM Ha CBOHCTBA MOHOCEJIIEHUAA HWHIUA
HUMEEeT KaK Hay4HBIH MHTEPEC, TAK U MPAKTHIECKOE
3HaueHUE (aKKyMYJSITOPBI BOJOPOJZIa C BBICOKOM
COpOIIMOHHON €MKOCTBIO).

[IpoBenens! uccnenoBaHUI MOHOKPUCTAIIIOB
y-InSe, BeIpamennsix MeTonoM Bpumkmena, u ux
Bogopoanbix uHTepkanatoB HyInSe (0<x<2,0), rne
X-KOJIMYECTBO BHEIAPEHHBIX MOHOB HA OJHY
¢dbopMynbHYIO enuHMIy Marpulsl. VHTepkamu-
poBaHue MIPOBEIICHO 3IEKTPOXUMHUYECKUM
meroaoM ¢ 0,1-HOpMalbHOTO pacTBOpa COJSHOM
kucnoTel. MccnenoBaHusi OBIIM  OCYIECTBIICHBI
IyTeM M3MEPEHUs CIEKTPOB MPOMYCKaHHUA B
00JIaCTH SKCUTOHHOTO morjomeHus InSe mnpu
temnepatrype 77 K. Oror xe wmerox Obun
HCIIOJIb30BaH Ui U3yUYCHHSA IIPOILIECCOB
WHTEPKASIIUH - JEHMHTEPKAISALUU B BOAOPOIHBIX
nntepkanatax HyInSe (0,02<x<2,0).

[Iponecc TepMOCTUMYIMPOBAHHOTO OEHHTEP-
KaJTUPOBAHUS BOJIOpOAa U3 COETMHEHHUS
BHeApeHus HyInSe m3ywancs ¢ momomisro MeTona
TepMHUYECKON 00paboTku mpu temmeparype 110°C
U OJHOBPEMEHHOM OTKayke B T€YeHHH 3-9 yacos.
Peructpammst ~ cremeHu — JEMHTEPKAJIUPOBAHUS
mocje TepMHYECKOl 00pabOTKM MPOBOIUIACEH
IyTeM CpaBHEHUS “ITATOHHON™ (IS TEPMHUYECKH
HeoOpaboTaHHOTO 00pasma) KOHICHTPAITMOHHOMN
3aBHCHMOCTH  DHEPreTHYeCKOTO  IOJIOKEHUS
9KCUTOHHOTO MakcumyMa E,(x) mpu 77 K co
CIIEKTpaMu TepMOOOpabOTaHHBIX 00pasloB, T. €.
MOJIBEPTHYTHIX TEPMOCTUMYJIHPOBAHHOMY JEHH-
TepKaaupoBaHuto, oopasznos HyInSe (0,025x<2,0).
Ha puc.l mpencraBieHa KOHLEHTPALMOHHAS
3aBUCHUMOCTb OOpaTHMOCTH BHEIPEHHUs BOLOpOJa
N(x) mns HyInSe (mpomomkuTenbHOCTh TEpMH-
yeckolr oOpaborku 6 uacoB). Kak cnemyer wus
JAaHHOTO pHUCYHKa, IPOUCXOIUT IIOCTEIICHHOE
BO3pacTaHHE  CTEMEHH  JICMHTePKaIHUPOBAHMS
Bogopoza oT 63%(x~0,02) mo 78% (x=2,0).
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UccnenoBana 3aBUCUMOCTb CIIEKTPaJIBLHOTO
MOJIOKEHUSI SKCUTOHHOTO MakCMMyMa B BOJOPO]
HoM uHTepkanare Hy,InSe oT koHIIEeHTpaIuu BHE
pennoit  mpumecu  (0<x=2,0). VYcraHoBieHa
HEMOHOTOHHAsl KOHIIEHTPAallMOHHAsl 3aBUCHUMOCTh
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Puc. 1. KonneHTpannoHHas 3aBUCUIMOCTb O0PaTUMOCTH
BHEIpEHUs BoAopoaa s coequaenns HyInSe
(TIPOAOIKUTENHHOCTE TEPMOOOPAOOTKH 6 ).
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Puc. 2. KoHneHTpanuoHHas 3aBUCUMOCTb SJHEPIEeTHYEC
KOTO TOJIOKEHHSI SKCUTOHHOTO MakcuMyMma E,
BonmoponHoro uaTepkanara HyInSe mpu T=77 K.

SHEPTEeTUICCKOTO I1OJIOKEHMS IKCUTOHHOI'O
MakcumyMma E...(x) (puc.2). Kak MOXXHO BHAETH U3
aToro TpaduKa, 3aBHCHUMOCTh E.(X) MOXHO
pa3menuTh YCIOBHO HAa TpH ydvacTka: 1)



Bo3pactanue E.. oT 3Haduenus 1,3275 3B nnsa
“guctoro” InSe mo 1,3320 mnsa HysInSe; 2)
nocTeneHHoe ymeHblieHue E, 70 3HaueHHs
1,3295 »B B unTepBaie 0,5<x<1,0; 3) Boixon E,
Ha noctosiHHoe 3Hadyenue 1,3295 npu 1,0<x=<2,0.
Hcxons W3 ONMMCAHHBIX BBIMIE HYKCIICPUMEH-
TanbHbIX  fmaHHBIX gna  HiInSe  (0<x=2,0)
KOHILICHTPAIIMOHHYIO 3aBUCUMOCTh E,(X) MOXKHO
00BSACHUTE chemylomuM oOpazoM. CwermieHne
SHEPTreTUYECKOTO IMOJIOKECHHSI IKCUTOHHOTO MHKA
npu T=77 K MOXHO cBs3aThb C H3MEHEHUSIMU
HMIMPUHBI 3alpEeIleHHON 30HbI E, U 3Heprum cpsasu
skcutoHa E., mpm mHTepKasmpoBaHuu. B obmem
clly4yae M3MeHeHHe B, NpOMCXOIUT KaK CIIENCTBHE
KOHKYPEHTHOT'O BKJIaJ]a MEKCIIOEBBIX Aedopmannii
u nedopmaruii B mpenenax cios, KOTOpPble HUMEIOT
pa3HbIe 3HAKU AePOPMAIIMOHHOTO MOTeHIana [2].
CmelieHue MakCUMyMa 3JKCHUTOHHOTO TIIHKa B
oOnacte Oonpmmx sHepruil Ha 4,5 M3B (puc.2) B
WHTEepBaJie  cojepkaHusi  Boaopoaa  0<x=<0,5
00YyCIIOBJICHO M3MEHEHHEM YIPYTHX IOCTOSHHBIX
MEXIy CIOSIMH, 4TO IPHUBOAMUT coriacHo[2, 3] k
MIPEBATMPYIOIIEMY YBEIMYCHHUIO IIUPHUHBI 3ampe-
meHHol 30HBI E, mHTepkamara Hy<osInSe Han
W3MEHEHUEM »HHEpPruM CBA3M JKcUTOHa Eg. K
0o0paTHOMY XOAy 3aBUCHUMOCTH E,(X) mpu
KPUTHYECKOM  cofepkaHuu Bopopoxa  x>0,5
MIPUBOST TEIBIA psIa (PAKTOPOB: a) W3MCHCHWE
MEKCJIOCBBIX YIIPYTUX IMMOCTOSIHHBIX, YTO, COTIIACHO
[2, 3], IpUBOIUT K yMEHBIIEHHIO E, HHTEpKanHupo-
BAHHOTO KpUCTAIUIA; 0) U3MEHEHHE YHEPTUU CBS3HU
SKCUTOHA TPH HHTEPKATUPOBAHHH, B OCHOBHOM,
3a cueT A(PQPEKTUBHOW MAaCChI, B) 30HA-30HHBIC
nepexoipl IpU YYacTHUH “XBOCTA” IUJIOTHOCTH
COCTOSIHMI; T) (IFOKTYyalldd KpaeB 3alpelicHHON
30HBI TMOJ JEHCTBUEM ‘“‘CllydaifHOro” moiisi BHE-
peHHoil mpumecu. Beixon E,. Ha mnocTosHHOE
3HaueHue x=1,3295 >B, HaOmrogaeMblii B qramnaso-
He KOHIleHTpauuu Bojopoaa 1,0<x<2,0, o3Hauaer,
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YTO KOHKYPUPYIOIIHME BKIIaJIbI OT IEPBOM U BTOPOU
o0JtacTel SBIISIIOTCS ITOYTH OJMHAKOBLIMH.

s oOBsCHEHHMS  KOHIIGHTPALMOHHOMN
3aBHCHMOCTH OOpaTHOCTH BHEIPEHWS BOJIOPOJA
N(x) mms H,InSe (puc.l) ciemyer yduTHIBaTh
HaJU4Me CBSI3aHHOTO U KBAa3WUCBA3AHHOTO COCTOS-
HUW WHTEPKAISHTAa B KPUCTATMYECKON MaTpHIle.
Ilpenmnonaraercsi, 4To pe3koe Bo3pacTaHue N, B
ocoOeHHOCTH, TIocie X>1,25 TPOWUCXOIUT BCIEH-
CTBUE CyIIeCTBOBaHMsS B Ban-mep-BaalbCcoBBIX
mIensx, B Mpeaenax KBa3HWCBSI3aHHOTO COCTOSHUS

WHTEpKAIIHTA, “KBa3WKUIOKOH~ ®  “Bs3KOM~
IJICHOK Bojopona [4].
Takum obpazom, HCCIIeTOBAHUE

BOJIOPOJHBIX MHTEPKAIAaTOB HA OCHOBE CJIIOUCTOIO
MOJIYTIPOBOHUKA InSe TPHBOIWUT K MOSBICHUIO
HOBBIX 3((PEKTOB W BAXKHBIM MPAKTHUYSCKUM
NIPUMEHEHUSM.
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