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UCiuUSU'l.A?f't CLlllU'LflN' \}1uruq.tirc 

JiFt.uw1ft wJlllftwljwbnipJnibE 

'l-[lw~bur ururobqmurg u Ljinrllwrwrwljwu Llb[Onr].ub[lnlj_ r].[lW hwuiljmroJmuubrr 

mumLluwurrmroJmurg hbuin, gwor 2wljiwJru UJnL[Obflr uljwuiuwup hbuiwp[lJ2[lnL[OJnLuQ 

uljubg Llbo uibLIUjb[lnlj_ w6bt: 'l-[lw~bur hWJUluwpb[lmLlrg hbuin hbuin Llbo pwuwljr 

UlW[lpb[l b[llj2wlj1 UJnL[Ob[l Ljinrlluwljwunrbu ururobqlj_b[ u mumLluwurrlJ.bL bu: br42wlj1 

ujm[Obflr9 wubuw2wui mumLlwurrlJ.woubrtig bu VI tuupr wugmLlwJtiu Llbuiwri.ti 

pw[ljnq.burri.ub[lQ (Ulf-l2) : '1rwug prurwljwu u ljwn.mgLj_wopwJru pwqLlwqwum[OJnLUQ u 

wruiwunlJ.nr ~rqti4w4wu hwuiljmroJmuubflQ, Llbo hbuiw12r12rmroJmu bu wn.w2wgumLI 

q.ruimroJwu u. uibtuuntnq.tiwJr hwuwr: Ulf-l2-ubrQ hwruwr bu q.ruimroJwu ub2 hruuwrwr 

hbuiwqnUlnL[OJnLUUbflr , ru2UJbU uwu pwrllrw4wrq. tLb4uirnur4wJr , UUJtiuuirnur4wJr , 

oUJuintLb4uirnur4wJr, tubrq.rwJr hwlJ.wpuwu, 64mu tLb4uirnur4wJr . '1lilct-r 

ubljlj_wuwlJ.nruwu u wuhwuiwljwuwglj_wo pct2ljm[0JWU Llb2 4rrwn.mroJmuubrr hwuwr' 

2unrhr4_ rJ.[lWug uwunubUl[lWljwu hWUUlnL[OJWU, mctbri. UUJrU-O flprUlW[WJru 

Ljintuwqri.bgmroJwu, pwrbuUjwuui tLb4uirnuwJru u. Llbtuwur4w4wu hwuiljmroJmuubrr: 

Ulf-l2-ubrQ 4wrnri. bu hwri.bu q.w[ pwquwror4. uiwrpbr hwui4mroJmuubrn4. octuilj_wo 

UJntrLlnr~ubrr uibupnlj_' ru2UJbU orruwlj, H, T', T" , T'" u Llr 2W[lj2 unr pwgwhWJUllj_wo 

ljwn.mglj_wopubrn4.: -l2wur nr Ulf-l2-ubrr WJU pwquwqwu UJnLrLlnr~ub[lQ, pwgti 

ljwn.mglj_woprg, UlW[lpb[llj_mLI bu uwu ~rqtiljwljwu hwuiljm[OjnLuubrn4_, WflrJ.rwljwu t 

ri.rwug pn[n[l huwrwlJ.nr ljwjmu ljwn.mglj_wopubrr nrnumLIQ u hwuiljmroJmuubfir 

mumuuwurrmLIQ, ru2UJbU hruuWUW[l q.ruim[OJWU WJUUjbU tL uibtuun[nq.rwUJbU ljW[lUn[l 

4rrwn.mroJmuubrr hwuwr unr UJnL[Ob[l wn.w2wr4btm uibuwul[Jmurg: Pwgr Wjr]., 

q.rwljwum[OJWU Llb2 hwri.nrri.4.mLI bu unr uuibturnubuirrwub[l u ljwn.mglj_wopub[l , nrnup 

ri.bn.uu pwlJ.wrwr 2wljin4_ mumLluwurrlJ.wo 2bu: UJrJ. ljwn.mglj_wopubrr hwuiljmroJmuubrr 

mumLluwurrmLIQ umju UjbU WflrJ.rwljwu tuurJ.rfl t, pwur nr mubuw[nlj_ pn[n[l hwjuiur 

ljwn.mglj_wopubrr hwui4mroJmuubflQ, 4wrnri. bup wlJ.blti Quri.hwumr bqrwhwuq.mLlubr 

wub[, ru2UJbU uwu wn.w2wrljb[ unr UJm[Ob[l uibtuun[nq.rwJr ljwrunr ntnruiubrr hwuwr: 

t> uiwrpbrmroJmu Ljinrlluwljwu bri.wuwljubrn4. unr uJmrobrr hwJuiuwpbruwu 

Llbronri.ubrr. ctwuwuw4w4rg hw24.nri.w4wu Llbronri.ubflQ romJL bu uiwLru t~b4uir4.nrbtJ u. 
wrwq. mumLluwurrbL u q.uiub[ pnlnr 4wJmu uJmrobrQ ui4Jwl hwLlwljwrq.mLI: 

Sbuwljwunrbu ljwutuwq.nl2w44_wo ljwn.mglj_woub[lQ, hbUlWCJ-WJnLU ljwrnri. bu ururobqlJ.bL 

u mumLluwurr4.bL Ljinrllr ur2ngn4_: 
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Uju1.4rumJ. w2juwl11wu12nu.! tlj_n[mgrnu USPEX W[q.nrirrour ur2ngn4_ 4wl11w[llj_b[ t 

4wJmu pJnu1w4wu 4wnmglj_wb12ubrir nrinumu Mo-S, W-S, W-Se, W-Te, V-S bri4~wlj1 

wugmUWJt°lU UblJlWr)_ QWt4nq.burri-ubrir hwt.!w4wriq.ubrimu: Ul11wglj_wb 4WJnLU UJmrobrir . 

rui 1.4bu uwti uwtu4rumu hWJl11Uwpb[llj_wb un[l Ulf.f2-ub[lt°l hwUW[l mumuuwurri4.bL bu 

ri-rwug q.nl11rw4wu 4wnmglj_wbj2[! , robrunttb4l11flr4 ti OL4l11r4w4wu hwl114mroJnLUUb[l[! , 

ru~1.4bu uwti q.uwhwl114_bt t rJ-[lWUg 4t°lflWrlnL[OJWU huwriwLj_n[lnL[OJnLUQ 4ruwhwri_n[lrJ-~WJt°lU 

q.wqwJru ti wqnl11w4wu hru12brir l114.r~ubrmu : 

U1f1b'clwfununtpjw'cl 'clUJWlf1Wl/f! 

ULJlbuwjunumroJwu hruuw4wu u1.4wl11w4ubf1Q hbl11tiJwtu bu . 

• 

• 

• 

• 

l::4.numgrnu pJmrbri_w4wu 4wnmglj_wb12r 4wujuwq.m2w4Llwu ubronri-n4_ nrinubt 

unri 4wJnLU Mo, W ti V-b[lt°l J2Wt4n12burri-ubrir bfl4~wlj1 urwgmroJmuubr : 

.'.bnunuubrr ri-ru1.4brurnu 4nflbflr ur2ngn4_ munu.!uwurribL unri 

4wujuwq.m2w44_wb MiX4 ti MsX2 (M=Mo, W, X=S, Se) ul11bjurnubl11flrwubrrwJn4. 

UJmrobrir ri-ruwur4 4wJmumroJmUQ: 

(.w24.wfl4bt hWJl11Ut°l M4X4, MsX2, ti M2X3 Ulf.f2-ubflt°l (M=Mo, W, X=S, Se) , ru~1.4bu 

uwti t4.numgrnu W[q.nrirrounlj_ 4wujuwq.m2w44_wb unri UJnL[Ob[lr ttb4l11flW4wu ti 

01.4l11r4w4wu hwl114mroJmuubriQ: 

nLUmuuwurrbt hWJl11Ut°l ti unr UJnL[Obflr 4rrwnbtt"imroJnLU[! nri1.4bu w4l11r4. 

4nu1.4nubul11 4ruwhwri_nriri-i wJru q.wqwJru ubuunrubrimu ti prnubuunriubrmu: 

q.f11f1wiJw'cl 'clnpnt)(c'f! 

• Mo-S, W-S, W-Te ti V-S 12rurw4wu hwLlw4wrq.b[lntU hWJl11Uwpbr4_bt bu un[l 

br4iwlj1 Ulf.f2-ubr' oq.l11wq.nrbbtn4. t4.numgrnu pJmrbri_wJru 4wnmg4_wo12r 

4wujuwl11buuwu USPEX ubronri-Q: .'.bnunuubrir ri-ru1.4brurnu 4nribflQ 4.britmbbtn4. 

mumuuwurri4.bt t unr 4wujuwl11bulj_wb UJnL[Obflr ri-ruwur4 4wJnLUnLfOJnLUQ: Ab­

initio Llntb4mtwJru ri-ruwur4wJr hw24.wri4ubrif.! oq.l11wq.nrb4.bt bu unri V3S4 

urwgmroJwu 4wJmUnLfOJnLUQ 300Y, SOOY ti 700Y 2bruwul11r6wuub[lntU 
mumuuwurribtm hwuwri: 

M4x4 ti MsX2 ulJ1bturnublJ1rrwubrn4. (M=Mo, w. X=S, Se) uJnq-obrr ri-ruwur4 

4WJnLUnLfOJnLUQ nrn2btm hwuwri Lj_b[l[nLOLj_b[ bu ~nunuubrirr ri-ru1.4brurnu 

4nribr[!: UJU UJnL[Ob[l[! hWJl11Ut°l tru q.rw4wumroJmurg. uw4WJU ri-riwugrg Ut°lWJU 

ur burowtumup t hbl11wqnl11lj_b[ ~nunuubrir hw24.wri4r ur2ngn4_: 
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• "Lnri bri4~wlj1 Ulf.f2-ubrir hwuwri hw24.wri44.bt bu q.nl11rw4wu 4wnmglj_wo12ubflQ, 

::!bbpb4r q.nriow4rgubflQ, 2briuwttb4l11flw4wu hqnrimroJwu q.nribw4rgf.!, 

hw6m13Jmurg 4wjulj_wo ri-rttb4l11flW4wu 13buqn[l[! ti [nLJUt°l 4twuuwu u1.4b4l11fl[!: 

• hJLJlnL[OJWU ~mu4grnuwtr LJlbUnL[OJWU hw24_wfl4Ub[lt°l ur2ngn4_ mumuuwurfl4.bt t 

hWJl11Ut°l q.wqbrir Llntb4mtubrir ti unr bfl4~wlj1 Ulf.f2-ubrir Lj1njuwqri-bgm13JntU[!: 

nLUmuuwurri4.wbuJmrobflt°l 4rriwnmroJmUQ q.wqwJru ubuunriubrimu q.uwhwl11btm 

hwuwri 4.britmo4_bt bu wri-unripgrwJr tubriq.rwubflf.!, ttb4l11rw4wu 

hwri_nriri-w4wumroJmuQ, ttb4l11rinuwJru 4.r6w4ubrir jul11mroJmuubflQ ti tr9ti r 

Lj1njuwuw4mLIQ Llntb4mtr ti UJmror ur2ti: 

• (.bl11wqnl11Lj_b[ t 't-"LlcT-r ti f1"LlcT-r wqnl11WJt°lU ht°1LIJ2b[lt°l WrJ-Un[lpgrwub[l[! un[l 

bri4~wlj1 Ulf.f2-ubrir Llw4britimJroubrir' qq.wJmu ti QUl11[lnri_muw4 ubuunriubrmu 

4rriwnmroJwu huwriw4.nrimroJmuQ q.uwhwl11b[m hwuwri : 

4f1µwnwlJw'cl 'clzw'clwlJmp1m'clf! 

t->u~1.4bu gmJg t l11fl4.bt uwjunrri- hbl11wqnl11nt[OJnLuubrimu, unri bfl4iwlj1 Ulf.f2-ubrr 

mumuuwurrimroJnLU[! 4wrinri. t un[lW[lWflW4wu ti junul/1nLUUWtr9 UJnL[Ob[l wnw2wri4bt 

l11Wflpbfl l11bjuur4w4wu n[nfll11Ub[lmt.! 4rriwnmroJwu hwuwri : UJu w2juwl11wu12mu, 

uwuuw4_nriw1.4bu, gmJg t l11[llj_b[. nri W3Ss-Q unri 4ruwhwri_n[lrJ-iWJt°lU UJnLfO t ' qq.wtrnribu 

Ubo ::!bbpb4r q.n[lOW49t°l W[ld"bj2nlj_, n[l[! 4wrtin[l t 2b[lUWttb4l11flW4wu UW[lQb[lnLU 

4rriwnmroJwu hwuwri: lin[l 4wujuwq.m2w44_wo V3S4 UJnLfOQ, 4wrnri. t oq.tnwq.nrb4.bt 

u1.4rul11[lnur4wJmU ti 4ruwhwri_n[lrJ-iWJt°lU q.wqwJru l114.r~ubrimu' NO ti N02 q.wqb[l[! 

hwjl11uwpb[lb[m hwuwri : MosS4-Q un[l Llbl11wri_w4wu bfl4~wlj1 UJnLfO t . nrir uuwum13JnLUQ H­

MoS2-r pJmribri_w4wu gwugru huwriw4.nrimroJmu t ulJlbri_omu WJrJ­

hbl11bfln4wnmg4_wbubflQ 4rriwnb[ uwunttb4l11[lnur4wJr UW[lQb[lnLU: NO-r WrJ-Un[lpgrwJr 

ctwuwuw4 unri WsTe2 urw2bfll11Q gmgwri-rimu t hwri_nriri-w4wumroJwu QUl11[lnri_w4wu 

LjinljinjumroJnLU, ru~r 2unrihr4. WJU 4wrinri. t 4rriwnlj_b[ 4ruwhwri_n[lrJ-~WJt°lU q.wqwJru 

ubuunrubrmu: nLUmuuwurri4.bt t uwti bfl4~wlj1 Ulf.f2-ubrir . n[l1.4bu wqnl11w4wu hru12brr 

QUl11[lnri_w4wu rJ-bl11b4nriubri 4rriwnuwu huwriw4.nrimroJuubriQ: (.bl11wqnl11Lj_wb uJmrobrir 

ubb 12wuw4m13JnLUQ ti mumuuwurri4.wo hwl114mroJmuubflr pwquwqwumroJmUQ 

huwriw4.nrmroJmu bu l11wtt"iu hb2LJ1mroJwLlp hwubuwlJlbL l/1Wflpbr Ulf.f2-ubro. 

ttb4l11rinur4wJmLI, 01.4l11nttb4l11flnur4wJmLI ti 12rurw4wu l114.r~ubrmu 4rrwnmroJmuubrr 

hwuwri: 
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W11µwqwu IJflnLJfiJUbfl[] 

• .::::tw1wqni.mj_wo M4X4 u MsX2 (M=Mo, W, X=S, Se) ulI1rbturnublI1rrwJnt.1. pnlnr 

UJnt.rabrQ ri-ruwur4nrbu 4WJnt.U bu u rrbug ~nunuubrr ri-rul.11brurnu 4nrbrni.u 

imubu 4bri.o hw6wtuw4wuni.raJmuubr: 

• MosS4-Q, Mo3S4-Q_ , W3Ss-Q, Ws Te2-Q, u V3S4-Q_ hWJLI1uwpbr4_wo unr br4iWL/1 4WJnLU 

uJmrabru bu Mo-S, W-S, W-Se, W-Te, u V-S grurw4wu hwt.lw4wrq_brni.u: 

• MosS4-Q u Mo3S4- Q_ ublilwfl.ubr bu, ru4 W3Ss-Q, WsTe2-Q u V3S4-Q' ubri. wrq_bL4_wo 

q_nlilm LWJUnL[C!JWUp 4ruwhwri.nrri-riubr : V3S4-Q_ uwu uwq_ruuw4wu t: W3Ss-Q mur 

Qbbpb4r q_nrow4gr hwubuwLI1wpwr pwr6r wrctbg: 

• Uri-unrpwgLj_wo q_wqr LlnLb4nt.Lubrr hblI1 mumuuwurr4_wo 4ruwhwri.nrrJ-iWJtiu 

br4iwl/1 wugmuwJru ublilw'l. QWL4nq_burri-ubrr L/lntuwqri-bgmraJmuubrQ 

hruuw4wumu mubu 4.wu rJ-br Li.WWLUJWU pUnLJ[Cl: 

• Uri-unrp4_wo NO-ti wn.4WJnL[C!JWU rJ-bU1Qnt.u H-WS2-r u WsTe2-r wrq_bL4_wo q_nlilmu 

wn.w2wumu bu unr 4_ti6w4ubr : 02 LlnLb4mlr wn.4WJnL[C!JWU rJ-bl.11QnLU unr 

4_r6w4bur bu wn.w2wumu Mo2Se3-r wrq_bL4_wo q_nlilnt.u, ru4 N02-r wn.4wJnL[C!JWU 

rJ-bU1Qnt.Ll' V3S4-r wrq_bL4_wo q_nlilmu: 

• H-MoS2-Q u H-WS2-Q mubu pwr6r qq_wJUnLfC!JnLU q_mwurur u 9rlI1nqtiuti, ru4 

V3S4-Q' rJ-rlI1wr44_wo pnlnr wqnlI1w4wu hrugbrr u4wlI1uwup: H-MoS2-r u H-WS2-

r rJ-bl.11Qbrmu qq_wJUnLfC!JnLUQ QULI1rnri.w4wu t, ru4 V3S4-r rJ-bl.11Qnt.Ll urwlI1buw4 t 
pnlnr wqnlI1w4wu hrugbrr hwuwr: 

SUJwqµnt{iJjntuubµ 

ULI1buwtununt.[C!JWU hruuw4wu wrri-JmugubrQ LI1U1WCJ-rLj_wo bu 5 CJ-rlI1w4wu 
hnri-4_woubrmu' 

1. Sukhanova, E. V., A. G., Kvashnin , L. A., Bereznikova, H. A., Zakaryan, M. A., 

Aghamalyan, D. G., Kvashnin, and Z. I., Popov. "2D-Mo3S4 phase as promising 

contact for MoS2". Applied Surface Science 589 (2022): 152971. 

2. Chepkasov, llya V., Ekaterina V., Sukhanova, Alexander G., Kvashnin, Hayk A., 

Zakaryan, Misha A., Aghamalyan, Yevgeni Sh., Mamasakhlisov, Anton M., Manakhov, 

Zakhar I., Popov, and Dmitry G., Kvashnin. "Computational Design of Gas Sensors 

Based on V3S4 Monolayer". Nanomaterials 12, no.5 (2022): 774. 

3. Aghamalyan , MA, V M, Aroutiounian, EV, Sukhanova, AG, Kvashnin, Z I, Popov, 

and A A, Zakaryan. "Adsorption of Hydrogen Peroxide on Two-Dimensional 

Transition Metal Chalcogenides". Journal of Contemporary Physics (Armenian 

Academy of Sciences) 57, no.2 (2022): 170- 173. 
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4. Sukhanova, EV, AG, Kvashnin, MA, Agamalyan, H A, Zakaryan, and Z I, Popov. 

"Map of Two-Dimensional Tungsten Chalcogenide Compounds (W- S, W- Se, W- Te) 
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UlflbuwfununtfiJJWU qwnmgt[wO-p[] 

ULI1buwtunumraJmUQ pwri.4wgwo t ubrwomraJmurg. 5 CJ-Lmtuubrrg. bqrwhwuq_mutig. 

310 hri.mu Ll1wrmuw4n'l. q_rw4wUnL[C!JWU gwu4rg: U2tuwlI1WUQQ ubrwn.nt.u t 37 u4wr u 3 

wrumuw4: U2tuwlI1wugr QUrJ-hwumr owLj_wLQ 140 t2 t: 

UCruUSU~~Pn~U~'lU4nNO-Sn~~c 

libpwbmraJm'cmuI u4wrwq_r4_wo bu WLI1buwtununt.[C!JWU wrri-rw4wunt.[C!JnLUQ, 

UU1WLI1W4ubrQ. ULI1wg4_wo wrri-Jmugubrr CJ-rlI1w4wu unrnt.J[C!Q u ri-rwug q_nrouw4wu 

wrctbgQ_: Pbr4_wo bu uwu U1W2LI1U1WUnt.[C!JWU ubr4wJwg4_nri. hruuw4wu ri-rmJraubrQ: 

Unw2rti qlfunuI Lilrt.lbL t CJ-rlI1w4wu q_rw4wumraJwu w4uwr4Q: <wuwn.nlI1 

ubr4wJwg4_bL bu br4iwl/1 wugmt.lwJru ubLI1wfl.ti QWL4nq_burri-ubrr 4wn.mg4_wogubrQ. 

hwlI14nt.raJmuubrQ u 4wrunr 4rrwn.mraJmuubrr nlnrlilubrQ: 'Gbr4wJwg4_bL t 4_br2bru 

hWJLI1UWpbr4_wo ULJ./2-ubrr unr ULI1bturnublI1rrwubrQ. ri-rwug 4wn.mg4_wogubrQ. 

ulilwguwu hruuw4wu ubranri-ubru ni. hwlI14ni.ra1ni.uubrQ: UJu CJ-Ltumu, hwuwn.nlI1 

ubr4wJwg4_mu t uwu oq_LI1wq_nro4_wo hruuw4wu l11buw4wu ubranri-ubrQ u orwq_rw1ru 

L/lwrabraubrQ: .::::tiuuw4_nr4_bL t uwu w2tuwlI1wugr wrri-rw4wumraJnt.UQ u pbr4_wo bu 

wn.w2wri-r4_wo CJ-rlI1w4wu tuuri-rrubrQ: 

bp4pnp1J. qttunuI ubr4wJwg4_wo t unr UJnt.rabrr nrnumuQ_ u ri-rwug 4wJnt.UnL[C!JWU 
mumuuwurrmuQ_: 

q.Ltur wn.w2ru uwumu (2.J) pbr4_wo t ~X4 u MsX2 ULI1bturnublI1rrwJn4_ 4-nL~rwur u 

unltiprJ-bur br4iWL/1 QWL4nq_burri-ubrr ~nunubrr UU1b4LI1rQ' rJ-rwug rJ-ruwur4 

4wJmumraJnt.UQ q_uwhwlilbLm hwuwr: 

q.Ltur hw2nrri- uwubrmu ubr4wJwg4_mu t USPEX ubranri-r ur2ngn4_ pJmrbri.w4wu 

4wn.mg4_wogubrr tt.lnumgrnu nrnuuwup hWJLI1UWpbr4_wo unr br4iWL/1 ULJ-12-ubrQ: 

2.1-mu u4wrwq_r4_wo t unr br4~wl/1 UJmrabrr nrnumt.lQ Mo-S grurw4wu 

hwuw4wq_mu: UJU hwt.lw4wrq_mu 4wutuwq_m2w44-bL bu br4m unr ublI1W4WJnLU 

urwgmraJmuubr' MosS4-Q u Mo3S4-Q ('G4wr 1): • 
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4wnniglfwa12u/Jrflu (5. 0, 7 l;l{!wl.(lntf ninnigfll./ l./nrUJnwflg lf/Jr) U. Mo52-fl tf/Jl.(1wl./w1niu T-t/Jni1/Jrflu: 

2.2-nu.l uljwrwq.rt.J.wo t unr bfllj~wlji l.JJnqabrr nrnumLIQ W-S, W-Se IJ. W-Te 

Qrurwljwu hwuwljwq.brmu: UJU hwuwljwrq.mu Ljwutuwq.m2wljt.J.bt bu brljm unr 

Llt'JwgmraJml.Jubr' WJSs-Q IJ. WsTe2-Q (1.iljwr 2): 

2.3-mu pbrt.J.mu t unr b[llj~wlji LIJmrabflr nrnuuwu WflrJ.JnLLIQUbflQ V-S Qt'JLlt'Jwljwu 
hwuwljwq.brmumu: liwutuwq.m2wljb[ t rabrun11t'Juwut'Jlj LjWJnLU unr Y3S•-Q (1.iljwfl 3) : 1.inr 

t.J.wuw11rmur uml'.iir'lr ljwjml.JmraJmLIQ mumuuwurrt.J.b[ t uwl.l. AIMD ut'JLlnqwgt'JwJt'J 
ur2ngnt.J. 300 Li, 500 Li IJ. 700 Li 2bruwulllt'J6wuubrmu: Smjg t lllflt.J.b[, nr V3S•-Q ljwjml.J t 
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t/Jni1w1flu qflwqrwuu/Jr (w) W- 5, (b) W-5e u. (c) W- Te hwtfwl./wrqarfl hwuwr: 

v,s v,s, v,s. vs, 
.,, 0 r\,--------- vcs ,--vsv-s-:::.-:-0:j·~ 0 .-::;---c " ~ .. ~ • 5 ....... 1 e.V F 

,2 l \ • 2 eV 

l f \ • 3 eV 
:; f \ ~ • 4 eV 

- l 
~ -0.Sf-
c. 
.u 
B 
.::> 
3 ..,, 
c. -1 

' ' ,. 
' ' ' ' ' '* 

•,,<<,,, __ . -3-
3 
5-
3 
:r -1.5 1 "-. ..... 

0.2 o • o s o.a 
f'Ull1lUl)Pn1J3Jnt(t , Sl(V+S) 

ul./wr 3 V-5 hwtfwl./wrqfl l./WJnLUnL(iJJWU ntnntg/11./ l./nru. hwzlflfwa Ueff-/1 l.(1Wf1p/Jf1 wrd/J12u/Jrfl 

hwuwr: 

bprmp'l qlfunuI ubrljwjwgt.J.wo t M2X3, M.X. , IJ. MsX2 (M=Mo, W, X=S, Se) 

Ulllbtut'JnLlblllflt'JWJnt.J., t'Ju~11.1bu uwl.l. unr Ljwutuwq.m2wljt.J.wo MosS•, Mo3S4, W3Ss, WsTe2, iJ. 

V3S4 UlJ~-ubrr q.nlllt'Jwljwu Ljwnmgt.J.woQQ, ttb4lllflwljwu hwrinr11wljwumraJml.JQ, 

2bruwtLblJlllf1wljwu IJ. 011.1lllt'Jljwljwu hwlllljmraJml.JubrQ: 
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uiJwfl 4 unf1 UJnLfU/Jflfl qnLf1f1wljwtJ ljwnmgt[woptJ m t1/JiJLf1f1n/JtJ/Jflf1 t[f16wlj/J/Jflf1 fulflnLfUJnLU[! 

hw22tfwo hf1pf1/lt1WJ/1U HSE06 '.flmtJ/jgf1ntJw1ntf: 

.3.J_-mt.! utq14wJwg4_wC bu mumt.!uurrl{wC ujnqcb[lt°l q.nLI1rw4wu 4wnmg4_wbgub[lu m 

tLb4U1rnuwJru 4.r6w4ubrr tuU1nLfOJnLUUb[l[l_: unr UJnLtobflt°l9 MosS4-[l_ u Mo3S4-[l_ t.!bLI1W'l.Ub[l 

bu, ru4 W3Ss-[l_, WsTe2-[l_ u V3S4- [l_' ub'l. W[lq.bLl{WC q.nU1n4_ 4ruwhw'1n[lf1.t°l2Ub[l (u4wr 4) : 

3.2-mt.! ubf14WJwg4_wC bu tLb4LI1flnUWJt°lU U1b'l.wljintuuwu hwLI14nLfOJnLUUb[l[l_, 

hwzlj_Lj_wc PnLgt.!wur 4rubU1r4w4wu hwlj_wuwruwu ur2ngn4_: ubr4wJwg4_wc t 

tLb4U1flW4wu hw'1n[lf1.W4wumtoJnLU[l_, hwzlj_Lj_wC urwzb[lU1 UJnLfOt°l hW[lfOnLfOJWU t.!b2 

U1W[lpb[l nL'l.'1.nlfOJnLUUb[lnlj_ u gmjg t U1[ll{WC fl.[lW wurqnU1[lnU{rwu u4Wfl 5: 
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u W3Ss-[l_ , ru4 tobruntLb4LI1flt°l4 hqn[lnLfOJWU q.nrbw4gr wnw4.bL pw[lO[l wrctbpub[l 

gmgwpbrmu bu r -MX2 U1t°lU{r uJmrobrQ: 

3.4-mt.! ubf14WJwglj_wC t hw6wtumroJmurg 4wtu4_wC fl.t°ltLb4U1flt°l4 13wljiwugbltimtoJWU 

4b'1C u rrw4wu t.!wur , u f1.[lWUt°l9 UU1wg4_n'14LWUUWU U WUfl.[lWfl.[lWOUWU q.nrbw4tigub[lt°l 
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'1f1Lf1wf11Jtfwo ti1mra/Jflf1 hwuwr: 
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Qnrrnr11 qLmful! Q't.irJ.q.r4nuI t q.wq)l wl').unrpgrwJr uibuwljwu hw24.wrljubrr 
W[ll').JnLUJ2Ub[lQ: 

11-mu ubr4wJwg4_nuI t q.wqwJru uiY.riubrr 4wrLLnrmroJmuQ LL hwuwn.nui 

ubrljwjwglj_mu t ULJ~-ubrr hwuwr q.wqbrr Wl').Un[lpgrwubrr urui WJU ljwuiwrlJ.wo 

mumuu wur [l n L[OJ n LUU b[lQ: 

4.2-mu uljwrwq.rlJ.mu bu q.wqwJru uiY.riubrr hruuwljwu L4WflWUbUl[lb[lQ LL ab-initio 

hruuwljwu hw24_wrljwJru Ub[Onl').Ub[lQ, n[lnUJ2 4rrwn.lj_mu bu q.wqb[lr Wl').Un[lpgrwu 

mumuuwurrbtm hwuwr: 

q_wqwJru uiY.riubrr ljwrLLnr 1..4wrwubui[lbflli9 t Ul4.tiir qq.wJUnL[OJnLUQ, n[lQ 

hruuwljwumu uwhuwulj_mu t , nr1..4bu Ul4.tiir ttb4uirwljwu nrLLt 1..4wrwubuirr 

(unlJ.nrwpwr l'J.rt.lwl'J.rmroJmu ljwu Lwrmu) iwLf14.n11. q.wqr ljnugbuuirwgrwJr9 

4wtulJ.womroJwu 4nrr rob12mroJmuQ: S4.rir qq.wJumroJmuQ 4wrbl/1 t iwLf1bL uwLL ub4 wJL' 
uiY.rir wql').wu2wu ljwu wql').wu2wuubrr hwrwpb[lnt[OJnLU 4nilJ.n'l. ubbmtoJWU ur2ngnlj_, 

nrQ uwhuwwulj_mu t. nr1..4bu s = R0 / R9 4.brwljwuq.un11. q.wqbrr hwuwr LL s = R9 / Ra 

OJ2U!il'J.wgun11. q.wqbrr hwt.lw[l , nruib'l. R0 -Q unlJ.nrwljwu 1..4wjt.lt.lwuubrmu Ul4.liir 

l'J.!iUWl'J.[lnL[OJnLUU t, iWLf14.n'l. q.wqr pwgwljWJnL[OWU l').b1..412mu , rulj R9-u' l'J.rt.lwl').[lnL[OJnLUU t 

iWWLj14.n11. q.wq)l wn.ljWJnL[OJWU l').b1..412mu: q_wqbrr uljwuiuwup UlW[lpb[l UJmrobrr 

qq.wJumraJmuQ hwubuwuibLm hwuwr . ubrumobu12 hbuiLLJWL ubomraJmuQ, nrQ 4wu4_wubu12 

uJmror q.wqr qq.wJumroJmu' 

[
a9/ a0 , lipp g qwqf} lflipwljwaqbnI] /:, s - (1) 

m.g - a0/ a9 , lipp g qwqf} Of!U]11;wgbnI] t 

UJuUlb'l. Sm.9 -Q m UJmror qq.WJUnL[OJntuu t g q.wq)l uljwuiuwup, a9 -u LL a0-u UJmror 

tLb4uirw4wu hw11.nr'lw4wumraJmuubru bu 300 Lj 2bruwuuir6wumu' hw24.4.wo Pntgt.lwur 
ljrubuirwljwu hwlj_WUW[lUWU ur2ngnlj_, hwuw1..4wuiwutLJwuwpW[l Wl').Un[lpglj_wo q.wqp 

wn.ljWJnL[OJWU LL pwgwljWJnL[OJWU l').b1..412mu: rflbuiJ2 t u2bL, nr Sm.9 -r 134_wJru W[ld"bJ2Ub[lQ 

ibUJ2 4wrn11. m'l.ti11. hwubuwuibL Ljinror W[ll').JnLUJ2nLU uuiwglj_wo q.wqwJru uiY.riubrr 

qq.WJUnL[OJnLUubrr hbui , 12wur nr WJUUlb'l. hw24.4.wo wrctbj2Ub[lQ uuiwglJ.bL bu 1..4wrqbglj_wo 

t.lnl').bLWJru hwuwljwrq.r hwuwr: UjumwubuwJurlJ., 12wur nr hw2lJ.wrljubrQ pnln[l 

UJnL[Obflr hwuwr wrlJ.bL bu urwuuwu L4WJUWUUb[lntU, urwuuwu iWLflli q.b[lp2r2ubrr 
urunqwgrwJr ur2ngnlj_, l').[lwug hwuwr uibuwljwunrbu Sm.9 -r uuiwglj_wo wrctb12ub[lQ 

ljwflbLr t hwubuwuibL, wubuwhbn.wuljwrwJru 't.IJmrob[lQ wn.wMuwgubLnt hwuwr: 

Uubuwhwlj_wuwljwu LjintLJwql').bgmroJwu Lf1ntul'J.wuwlJ.nrmroJmuubrQ q.uiubLm hwuwr 

hw24.4.bL bu wl').unrpgrwJr tubrq.rwubrQ l'J.ruiwr44.wo pnLnr 4wn.mg4_wou12brr hwuwr' 
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EWIJ = Ei1n1t1Jm1+b1mp - Ei1n1t1Jm1 - n x Ebjmp· (2) 

UJuuib11. Ew,,-u wl').unrpgrwJr tubrq.rwu t, Ei1n1t1imi+bJmp-u, E,rn1ti,m1-Q LL Ebl'""-Q, 

hwuw1..4wuiwutuwuwpwr . wl').unrpglj_wo hwuwljwrq.r. wn.wMru t.lnLb4mlJi m wn.wMru 

UJmror Lrti4. tubrq.rwubru bu, ru4 n-Q UJmror uiwrwljwu P22r 4r4umroJmuubrr 12wuwlju 

t q.brp22mu: 

lrg12brr LjintLJwuwljmt.IQ UJmror LL t.lnLb4mlJi ur2LL mumuuwurrbLm hwuwr 

oq.uiwq.nrolJ.bL t Pwl').bflr t.lnLb4mtubrmu wuinuubrr J2lj_wuuiwJru uibum13JntUQ: 

4.3-mu ubr4wJwglj_wo t ljwuiwrlJ.wo wl').unrpgrnu hw24.wrljubrQ LL 'lrwug 

W[ll').JnLUJ2Ub[lQ: <w24.wrljubrQ ljwuiwr4.bL bu H-MX2, T'-MX2, M2X3, MiX4, tv\sX2 (M =Mo, W, 

x = S, Se), WsTe2, W3Ss UJnLtobrr LL CO, C02, H2, H20, H202, N2, NH3, NO , N02, 0 2 q.wqbrr 

hwuwr: Uuiwglj_wo Wl').Un[lpgrwJr tubrq.rwubrQ LL (3) pwuwOLLnlj_ nrn24.n11. 

qq.wJumroJmuubrQ pbrlJ.wo bu u4wr 7-mu LL u4wr 8-mu: 
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u/JW[I 8 '1-/1l{IW[1/Jl.jwa 4fiuwhwqn[11JjWJ/1U 0(1/JjWl/I Ulf.fJ-ub(l/1 qqWJUnL(ajnLUUU{I[] qwq/J{l/1 

hWUW{I: 

'l-tiuiwr4LJ.wb 4ruwhwrinr'1iWJtiu br4iWLP ULJ..Q-ubrti 11buu;1nu.I pnlnr w11unrpgtiwJr 
tubrq.rwub[lQ t_pnQ[l bu 0.8 t4.-rg, n[lQ lJ.4WJnll.I t Qrurw4wu 4w~r pwgw4WJnL[3JWU 
uwuru : Uju ~Ul').nLLIQ hwuuiwuilj_mu t uwu tLb4uirnuubrti uibrtWJuwguwu :j>mu4gtiwJr 

hw2LJ.wr4ubrr W[ll').JnLUQUb[lmL rui~bu uwu t_pngr Ltig12brr t.Pntuwuw4uwu wrctbgubrnLJ.: 

t'>ui~bu 4wrblti t uibuubL li4wr 8-mu NO q.wqr hwuwr qq.wJumraJwu pwrllr 
wrctbgubr mubu H-MX2 uir~r UJmrabrQ u W3Ss-Q: N02-r hwuwr pwrllr 
QUU1nrtw4wumraJmu u qq.wJUnLf3JnLU muti Mo2S3-Q, tiu4 02-r hwuwr' Mo2Se3-Q: UJU 

UJmrabrr unui hwrinr11w4wunL[3JWU t.Pnt.PntumraJWU ~wU16WrlQ 11rwug wrq.b[Lj_wb q.nuimu 

unr tLb4uirnuwJtiu LJ.ti6w4burr wnw2wgmuu t. tiui~bu ortiuw4 H-WS2-ti 1'].b~gmu gmJg 

t uirLJ.wb li4wr 9-mu: 

4.4-mu ubr4wJwgLJ.wb t w11unrpgrnu hw2LJ.wr4ubrQ u. 11rwug wr11JmugubrQ V3$4-r 

hwuwr: nLumuuwurrlJ.bL bu w11unrpgrwJr tubrq.rwub[1Q, Lr9Qbrti t_pntuwuw4mLlQ, 
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tLb4uirnuubrti LJ.ti6w4ubrti tuuimraJnLUQ u l').[lW t_pnt_pntumraJmuubrQ w11unrpgtiwJr 
ctwuwuwlj, rui~bu uwu w11unrpgrwJti9 hbuin uuiwglj_wb 4wnmglj_wbgubrQ: u2LJ.wb 

mumuuwurrmraJmuubrr W[ll'j.JnLUQUb[lQ [3nLJL bu uilj_b[ bqrw4wgub[, nr V3$4-Q 4wrnri t 

oq.uiwq.nrblJ.bL nr~bu qq.wJnLU UJnLf3 NO u N02 q.wqbrti 4ruwhwrinrl'J.iWJtiu uilJ.tiiubrmu: 
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u/JW[1 9 H-WS2-fi l;1/J/Jl{l[1nuu/Jf1f1 Ljf16wlju/Jf1f1 /ul{lnt(ajnLU[] WIJUn[lpgLjwa un1/J4nt/UU[1/1 

wn/JWJnL(aJWU Ii. pwwgw/JWJnL(aJWU IJUU{f2nLU: 4WU{nLJl{lnLj Ii. /JW[1U/1[1nl.f gnljg /Ju 1(1(11./WcJ, 

hWUWU{Wl{IWUfuwuwpW(I, Ujnt(a/1 Ii. un1b!Jnttfr Ljf16w!Jub(1[]: 3>/J[1Lf/1/1 uw/JW[11JW4l! []UIJnLULjwa /;, 

n{IU{/Ju <lflnJw!Jwu: NO-fl , N02-/1 Ii. 02-/1 IJUU{f2U[1nttf, wnwpwgnq un{I Ljf16wlju/Jf1[! wnwtiiJfiu gni1g /Ju 

lflf1Lfwa uwu wp Lf/Jf1/J.f1 wu!J1niuniu: 

<tiuqb[ln(l'l qlmful! ubr4wJwgumu t unr Ljwutuwq.m2w4LJ.wb u hwjuiur br4iWLP 

ULJ..Q-ubrti 't-lirct-ti u ft.lirct-r wqnuiw4wu htiugbrti uilJ.tiiubrmu 4rrwnmraJwu 

huwrwLJ.nrmraJWU mumuuwurrmraJWU W[ll'j.JnLUQUb[lQ: 
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C\tmtuQ uljut.1.nu.l t wqnlllwljwu htn.lpbriti rfblllbljllluwu, '1-lilc1 ub44.wuw4.nriuwu, l! 

ULJ-12-ubrint.I. 1.4wlllriwulllt.1.wo ptJnubuunriubriti q.riwljwumraJwu wljuwri4n4., w1.4w 

ubri4w1wgt.1.mu t UnLJU w2tuwlllWUQnLU Ulllwgt.1.wo W[1rfJnLUQUb[1Q: UrfunripgtJwu 

mumuuwutJrit.l.bt t UnLJU hblllwqnlllnLf3JWU ubranrfubrint.I. tJui1.4bu q.wqbritJ rfb1.4QmLl : 

AdP.n(1)e 

Cytosine 

ThymmP. 

Ur Jc/I 

-s-, ... , 
OJ' .. 

+ + 
'41, '~ "" , •' 

-s-, 4a 
"z., '\S' 
J' ' 
~ 

1c, 
•\lo 
~ 

~~ ";;,,.~ ~,)> 
":> 

'­-t.t 
,., 

u; 

ulfWfl 10 U11un(lpgf1w1f1 /;uurqflwub(l(l wqnlpwqwu hflupbflfl hWUW(l l;1blf lflfln/J-1.ln1lf1U(lnt.[: 

Adenine 62.07 3.0~ 717 3.89 1.)1 

Cytosine . 736:5~ 3.0'> 33.87 3.98 1.34 

Guanme • 3.16 3 84 1 3q 

Thymine 5 61 ] 91 621 381 116 

Ur1tcil 5.81 3 OR 594 3.98 1 JJ 

--------+ + -s-
' ' ' "-o 1¢ ~ 
~ ~ •' 

'1-,~ ~~$' 
"' ' ':> 

142 

124 

112 

1 3 

l }R 

'lo 
'"' ~ 

1.21 

1.2 

1 21 

119 

\.18 

,,_ 
-~ 

1.14 

114 

1.16 

1.11 

111 

~~, 

1.54 

155 

1.55 

155 

1 56 

16.64 

16.31 

15 98 

1607 

166} 

,_ 
",,s; 

2.89 

2.93 

2 .92 

30 

1 Q4 

,,_ 
·~ 

ulfWfl 11 UJnL(UU(l/1 qqWJUnL(UjnLU(l wqnlpwqwu hflupb(l/1 ulfWlflUWUp hw22tfwa (4) pwUllLLn4_: 

li4wri 10-mu l! li4wri 11-mu pbrit.l.wo bu, hwuw1.4wlllwutuwuwpwri . ulllwgt.1.wo 

WrfUn[1pgtJw1ti tubriq.tJwubrti l! qq.WJUnL[3JWU W[1UbQUb[1Q: V3S4-Q gmgwpbrimu t 
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qq.w1umraJmu pntnri wqnlllwljwu htJLlRbriti hwuwri. uwljwJu rf[1WUQ mubu LltJwuuuwu 

wridbQubr, WJutJuQu i4w QUlll[1nr1_wljwumraJmu: H-MoS2-Q l! H-WS2-Q mubu pw11611 

qq.wJUnLf3JnLU q.mwutJuti l! gtJlllnqtiutJ uljwllluwup, QUrf nrmu H-MoS2-ti qq.w1umra1muub[1Q 

u2wuwljwttJnribu wt.l.bt bu H-WS2- ti hwuw1.4wlllwutuwu wrictbQubritJg: Pwgti rfW H-MoS2-

Q gmgwpbrimu t pwrior qq.WJUnL[3JnLU Wrfbutiuti uljWlllUWUp UnLJU 1.4bu, nriQ uljWJWU 

qq.w[tJn[1bU L{lnp[1 t gtJlllnqtJutJ U q.mwutJutJ UljWlllUWUp UlllWgt.l.wo Wi1UbQUb[1tJg: 

U1u1.4tJun4., H-MoS2- tJ, H-WS2-ti l! V3S4-ti hwuwljgm[3JnLUQ 4wrinf1. t 4tiriwn4.bt hmuwtr ll 

QUlll[lnrl_muwlj wqm11wljwu htJLlQb[1tJ uwuniwl{lwljwu rfblllbljllln[1Ub[1 L4Wl11[1WUlllb[nL 

hwuwr: 

bqpw~wgmraJmtmuJ wul{lnl{lt.l.wo bu Wl!lbuwtunum[aJWU htJuuwljwu W[1rfJnLUQub11Q' 

• M.x. l! MsX2 (M = Mo, W, X = S, Se) ulllbtutJnubl!l[1tJwJti pntnri mumuuwutirt.1.wo 

u1mrabriQ rftiuwuti4nribu 4wJmu bu: 
• USPEX ubranrfnt.I. nrinuuwu W[lrfJmupmu Mo-S hwuwljwriq.mu ljwutuwlllbut.l.bt t 

briljm unri ubl!lwulllwptJt ljwnmgt.l.wop' MosS•-Q l! Mo3S•-Q: t"'>ulj W-S, W-Se ll W­

Te hwuwljwriq.brimu hwjllluwpbrit.l.bt bu W3Ss ll WsTe2 unri UJnt[3b[1Q: 

• V-S RtJLltJwljwu hwuwljwriq.mu hWJl!luwpb[14.bt t unr b[lljiwl{l V3S4-u: &nunuw1tJu 

u1.4bljlll[1Q l! AIMD-ti hw24.wriL;ubriQ hwulllwlllnu.l bu ljwutuwlllbut.l.wo UJmrati 

ljWJnLUnL[3JnLUQ: 

• tt.l.ntmgtJnu nrinuuwu WllrfJnLUQnLU ljwutuwl!lbut.l.wo unr UJmrabritJ 2W[1QnLU Mo3S4-

Q ubl!lWrl_ t, utJuirfbrt W3Ss-Q, WsTe2-Q ll V3S4-Q ubrl_ wriq.btt.l.wo q.nlilm [WJUnLf3JWLip 

ljtJuwhwr1_n[1rftJiubri bu: PwgtJ WJrf, V3S4-Q uwq.utJuwljwu t : 

• Mo3S4, WsTe2 l! V3S4 unri UJmrabritJ ttb4l1111wljwu hwr1_n[1rfntuwljmf3JnLUQ 

wutJqnl11[1n1.4 t. rabll WsTe2-ti rfbl4QnLU wutJqnl1111n1.4tJwu L{lnQ[l t : t"'>ulj, W3Ss unri 

UJnLf3Q muti ::ibbpbljtJ q.nrowljgr hwubuwlilwpwri pwrior wrictbQ: 

• W3Ss-tJ l! V3S4-r WUrf[1WrfW[10UWu u1.4bljlll[1Ub[1Q gmJg bu lllW[tJu w6nr1_ util!lmu 

rfbl4ti Wpriw4wriutir l!ltirimJra, utiuirfbrt hwljwrftill ortiuwiw4imraJmuQ 
uljwlllt.l.mu t lj[WUUWU q.nrowljrgr hwt.lw[1. rfllW wubuwpw110[1 w11dbQub11Q 

rftilllt.l.mu bu tmJuti mtlflrwuwum2w4wq.mJu wttiRr bri4wrimraJmuubrti 

llltJ[1mJramu: 

• ~tiuwhwr1_n[1rfiWJtiu bri4iw4i uJmrabriti q.wqti WrfunripgrwJti tubriq.tiwub[1Q pntnri 

rfb1.4pb11mu, pwgwnmraJwt.lp V3S4-ti, 0,8 tY..-tig gwori bu: L.tigRr L{lntuwuwljuwu, 

wrfunripgtiwJti tubriq.tiwubriti wrictbQubriti ll ttb4l!lrinuubriti lllbf1.w1uwguwu 

!pmuljgtJwJti W[lrfJnLUQubriti 4.britmbmraJmutig 4wriblti t bqriwljwgubt, nri 

L{lntuwqrfbgmra1muQ wrfunripgt.l.wo ljwnmgt.l.wbQubrimu hruuwljwumu 4.wu-rfbri-

4.wtuJwu pumJrati t : 
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• t:Lb4tnrnuwJru 4Ji6wljubrr tutnnL[aJWU hw24.wrljubro. 9nlJ9 bu lnWLrU, nr NO 

qwqr t.ln[bljm[ubrQ utnb1'1_omu bu tLb4tnrnuwJru 4Ji6wljubr H-MX2 

ljwn.m94.wopubf1r W[lq_b[Li.Wo qntnmu, ru2Q hwuqb9umu t hw1'1_n[lr].nLUWljnL[aJWU 

qqwlr t./lmrntumraJw\.J : 

• '1rtnwr44.wo UJnL[abflr9 H-WS2-Q 9m9wri.rmu t hw1'1_n[lrJ.nLuwljm[aJWU wubuwubo 

t./lnt./lntumraJmuo. u. hwuri.ruwumu t NO-r ri.btnbljuwu hbn.wu4wrwJtiu uJmra: 

• ~Lwut.1.wo 02 LlnLb4mLr wn.ljWJnLfaJWU rJ.bll.Jpmt.! Mo2Se3-Q ri.ruunrmu t 

t[bljtn[lwljwu hw1'1_n[lrJ.nLUWljnL[aJWU t./lnt./lntumraJmu , nro. LI.' QUtn[ln1'1_wljwu t, LI.' 

u2wuwljwLr: Urri.Jmupmu, WJU hbn.wuljw[lwJru UJnLfa t 02 qwqQ qqw[m hwuwr: 

• linr ljwutuwtnbu4.wo WsTe2-Q UnLJUll.JbU 9m9wri.rmu t hw1'1_n[lrJ.nLUwljmraJwu ubo 

LI. QUtn[ln1'1_wljwu t./lnt./lntumraJmu NO-r wri.unrp.9tiwJti ctwuwuwlj : 

• MosS2-r 4.rw wri.unrp.94.wo N02-u mur wubuw9wor wri.unrp.9pwJr tubrqrwu 

rj.plnWfllj4.wo mumuuwurflnL[aJWU QU[aW9pmu: l"'iU2ll.JbU 9nLJ9 t lnW[pU Lr912P 

t./lntuwuwljmuo.' UJmrati LI. LlnLb4mLr uti2U. LI. t.ln[bljnqmu ri.titn4.nl'l ljwll.Jti 

b[lljW[lnL[aJWU ubow9muQ_, wubuw9wor tubrqrw mub9nl'1_ t./lnturi.wuw4.nrmtaJWU 

ri.bll.Jpmu N02-Q 12tit.1rwll.Jbu 4wll.J4.mt.! t MosS2-r hbtn: UJu wrri-Jmupubro. ubq ramJL 

bu tnWLrU bqrwljw9ub[, nr MosS2-Q ljw[lnl'1_ t oqtnwqnro4.bL n[lll.jbU N02-r 

ljwtnwLrqwtnnr: 

• V3S4-Q_ W[lrJ.Jmuw4.btn UJnLfa t N02 LI. NO qwqti un[bljm[ub[l qqw[m hwuwr: V3S4-Q_ 

4wrnl'l t 4tirwn.4.bL uwU. 02-ti tnwrwu2wtnt.!wu tubrqtiwu ut.1.wqb9ub[m hwuwr: 

• V3S4-Q qqwLrnrbu t./lnt./lntumu t tir hwl'lnrri.muwljmraJmuo. wri.unrp.94.wo 

wqntnwljwu hrupb[lp wn.ljWJnL[aJWU r].bll.jpmu, ru2Q huwrw4.nr t r].W[ll\umu r].[lW 

4tirwn.mraJmuo. wqntnwljwu hpupbrti tn4Ji2ubrmt.1: 

• H-MoS2-Q u. H-WS2-u 9m9wp.brmt.1 bu qqwLr qqwJmumraJmu qmwutiur 

uljwtnuwup.: Pw9r Wjr]., H-MoS2-Q 9nLJ9 t lnWLrU hw1'1_nrri.muwljmraJWU 

t./lnt./lntumraJmu 9ptnnqrur wri.unrp.9pwJti r].bll.Jpmu U.u, nro. twljwunrbu w4.bLr 

ubo t pwu H-WS2-r rj.bll.jpmu, ru2Q [anLJL t tnWLrU WJU b[lljm UJnL[ab[lQ urw4.n[lb[ 

UW[lpb[lnLU, nrnup QUtn[lnl'1_WP.W[l u hnLUWLrn[lbU hWjtnuwp.b[lnLU bu qmwuruQ U 

9rtnnuruo.: V3S4-Q 4wrnl'l t uwU. hwuwlj94.bL' L[lW9m9r2 wqri.wu2wu Wll.jWhn4.bLnL 

hwuwr' hmuwLr u. o.utnrn4Ji wqntnwljwu hrt.112brr hwJtnuwp.bruwu hwuwr: 
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AHHOTALJ,Wl 

BblLJV1CJlV1TEnbHbltii nOV1CK HOBblX ABYMEPHblX XAJlbKGrEHV1AOB 

nEPEXOAHblX METAJlJlOB V1 V1CCJlEAOBAHV1E V1X CBOtiiCTB AJlR nPV1MEHEHV1R B 

no11YnPOBOAHV1KOBblX YCTPOtiiCTBAX 

MMwa AraMan.RH AprypoeM'l 

H111>Ke np1-1BeAeHbl oeHOBHble BblBOAbl '13 pe3ynbT3TOB 1-1eeneAOBaH'1H. 

• Bee 1-1eeneAOBaHHb1e Marep1-1anb1 erex1-10Merp1-11-1 M4X4 1-1 MsX2 oKa3an'1eb 

A'1HaM1-1YeeK1-1 era61-1nbHblM'1. 

• no1-1eKOM USPEX 6bln'1 npeAeKa3aHbl ABe HOBble Meraera61-1nbHble cpa3bl B rnereMe 

Mo-S: MosS4 1-1 Mo3S4. Hosb1e cpa3bl W3Ss 1-1 WsTe2 6bin'1 o6Hapy>KeHbl B XOAe 

3BOnfOU.'10HHblX no1-1eKOB Kp1-1erann1-1'!eeKOH crpyKrypb1 B e1-1ereMax W-S, W-Se 1-1 W 

Te. 

• V3S4 6b1n npeAnO>KeH B Ka'!eerne HOBOro AByMepHoro Marep1-1ana B X'1M'1YeeKOH 

e1-1ereMe V-S. ¢0HOHHb1e eneKTpb1 1-1 paeYeTbl AIMD nOATBep>KAafOT era61-1nbHOeTb 

npeAeKa3aHHOro HOBoro Marep1-1ana. 

• Mo3S4 - Merann epeA'1 HOBblX Marep1-1anos, npeAeKa3aHHblX 3BOnfOU.'10HHblM 

no1-1eKOM, a W3Ss, WsTe2 1-1 V3S4 - nonynpoBOAH'1K'1 e Y3KOH 3anpeli.\eHHOH 30HOH . 

KpoMe rnro , V3S4 npo.Rsmier MarH'1THb1e esoHersa. 

• 3neKrponpoBOAHOeTb HOBblX Marep1-1anos Mo3S4, WsTe2 1-1 V3S4 aH'130TponHa, xor.R 

B enyYae Ws Te2 aH'130Tpon1-1.R He3Ha'l'1TenbHa. HoBblH Marep1-1an W3Ss raK>Ke '1Meer 

OTHOC'1TenbHO BbleOKOe 3HaYeH'1e K03cpcp1-1u.1-1eHTa 3ee6eKa. 

• np1-1MeYaTenbHO, YTO eneKTpbl orpa>KeH'1.R W3Ss '1 V3S4 AeMOHerp1-1pyfOT 

B03paeraf0li.\Yf0 TeHAeHl..('1fO K '1HcppaKpaeHOH o6naern, B TO speM.R KaK AnR 

K03cpcp1-1u.1-1eHTa nornoli_\eH1-1R Ha6nfOAaereR npornsonono>KHa.R KaprnHa: OH '1Meer 

eaMble BbleOK'1e 3Ha'leH'1R B ynbTpacp1-1oneTOBblX An'1Hax BOnH. 

• Bee 3Heprn1-1 aAeop6u.1-11-1 AnR seex paeeMorpeHHblX ra3oB Ha nonynpoBOAH'1KOBb1e 

AByMepHble Marep1-1anb1 , KpoMe V3S4, MeHbwe 0,8 3B. B eoYeTaH'1'1 e aHan'130M 

cpyHKLl,'1'1 nepeHoea 33P.RA3 '1 noKan'133U,'1'1 3neKTpOHOB MO>KHO 3aKnfOY'1Tb, YTO 

B3a'1MOAeHeTB'1e B 3ACOp61-1poBaHHblX KOHcp1-1rypaU,'1RX HOe'1T B OCHOBHOM BaH-Aep­

BanneoBeK'1H xapaKrep. 

• PaeYeTbl nnorHoern eoeTO.RH'1H 3neKrpoHoB noKa3blBafOT, YTO MoneKynb1 ra3a NO 

reHep1-1pyfOT 3neKTpOHHble eoeTO.RH'1.R B 3anpeli_\eHHOH 30He erpyKryp H-MX2, YTO 

np'1BOA'1T K 3H3Y'1TenbHOMY '13MeHeH'1fO npOBOA'1MOern. 
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• vb paccMarp110aeMblX Marep11allOB H-WS2 AeMOHCTp11pyKJT Ha1160llbWee 113MeHeH11e 

npoBOA11MOcrn 11 .ABll.AKJTC.A nepcneKrnBHblM Marep11alloM All.A 06Hapy>KeH11.A NO. 

• B np11cyrcr01111 aAcop611posaHHOH MOlleKyllbl 0 2, Mo2Se3 npo.ABll.AeT 113MeHeH11e 

3lleKTponpoBOAHOCTl1 , KOTOpoe .ABll.AeTC.A OAHOBpeMeHHO CelleKTl1BHblM 11 

3Ha411TellbHblM. B pe3yllbTaTe 3TO nepcneKrnBHblH Marep11an Afl.A 06Hapy>KeH11.A ra3a 

0 2. 

npeACKa3aHHblH MOHOCllOH WsTe2 TaK>Ke AeMOHCTp11pyer 3Ha411TellbHOe 11 

celleKrnBHoe 113MeHeH11e npoBOA11Mocrn so speM.A aAcop6u,1111 NO. 

• 3Heprn.A aAcop6u,1111 N02 Ha MosS2, 11Meer caMoe Hl13KOe 3Ha4eH11e 113 

paccMorpeHHblX. B K0Hcp11rypau,1111 c Ha11MeHbWeH 3HeprneH N02 x11M11YecK11 

CB.A3blBaeTC.A c MosS2, o 4eM CB11AeTellbCTByer nepepacnpeAelleH11e 3ap.AAa Me>KAY 

HaH0Marep11alloM 11 MOlleKylloH 11 YAlll1HeH11e CB.A311 B MOlleKylle. 3rn pe3YllbTaTbl 

no3BOll.AKJT CAellaTb BblBOA, 4TO MosS2 MO>KHO 11cnollb30BaTb B Ka4ecrne 

KaTall113aropa npespall(eH1111 N02. 

• noAp06Hoe 113y4eH11e 3lleKTp114eCKl1X xapaKTep11crnK V3S4 B np11cyrcrn1111 

aAcop611posaHHblX ra300 Bbl.ABl1llO era" noreHu,11all s Ka4ecrne Marep11ana All.A 

3cpcpeKrnBHoro 06Hapy>KeH11.A MOlleKyll ra30B N02 11 NO, a raK>Ke B Ka4ecrne 

Marep11alla Afl.A KaTalll1Tl14eCKl1X np11MeHeHl1H , rAe Heo6XOA11MO yMeHbWl1Tb 3HeprnKl 

A11CCOU,11aU,1111 0 2. 

• V3S4 3Ha411TellbHO 113MeH.AeT csoKJ npoBOA11MOCTb B np11cyrcrn1111 aAcop611posaHHb1x 

a30Tl1CTblX OCHOBaHl1H , 4TO AellaeT ero nOAXOA.flll.(11M Afl.A o6Hapy>KeHl1.A a30Tl1CTblX 

OCHOBaHl1H 6e3 Karerop113au,1111 , noCKOllbKY eMy He xsaraeT 3Ha411TellbHOH 

CelleKT11BHOCT11 . 

H-MoS2 11 H-WS2 o6llaAa•m BblCOKOH 4yscrn11TellbHOCTbKJ K ryaH11Hy. KpoMe rnro, 

H-MoS2 AeMOHCTp11pyer 113MeHeH11e npoBOA11Mocrn np11 aAcop6u,1111 U,11T0311Ha, 

KOTOpoe 3Ha411TellbHO 60llbwe, YeM y H-WS2, 4TO no3BOll.AeT KOM611H11posaTb 3rn 

ABa Marep11alla B ycrpoikrnax, celleKrnBHO 11 HaAe>KHO 06Hapy>K11BaKJll.(11x ryaH11H 11 

u,11T0311H. V3S4 TaK>Ke MO>KHO KOM611H11posarb, 4T06b1 o6ecne411Tb AOnOllHl1TellbHblH 

Cl1rHall Afl.A HaAe>KHOro 11 celleKTl1BHOro o6Hapy>KeHl1.A a30Tl1CTblX OCHOBaHl1H. 
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SUtvitvtARY 

COMPUTATIONAL SEARCH FOR NOVEL 2D TRANSITIONAL METAL CHALCOGrNIDI S 

AND INVESTIGATION OF THEIR PROPERTIES FOR APPLICATI ONS IN SEMICONDUC I OJ< 
DEVICES 

Aghamalyan Misha Arthur 

The following are the most important conclusions drawn from the current work · 

• All studied materials of M4X4 and MsX2 stoichiometry were found to be dy11a1111c .illy 

stable. 

• Two novel metastable phases were predicted in the Mo-S system by t he USPfX w.ir 1 Ii 

MosS4 and Mo3S4. While W3Ss and WsTe2 new phases were foun d during evol11t1rn1,11 y 
crystal structure searches in systems of W-S, W-Se, and W-Te. 

• V3S4 was suggested as a novel 2D material in the V-S chemical system. Phonon ~p1~(t1 :1 

and AIMD calculations confirm the stability of the predicted novel mater 1c1I 

• Mo3S4 is a metal among the novel materials predicted by the evolut1011,11 y •.t•:u rh 

while W3Ss, WsTe2, and V3S4 are narrow band gap semiconductors. Add1t1D11,illy, V 

is magnetic. 

• The electrical conductivity of the new materials Mo3S4, Ws Te2, and V 1S-1 1o; ;1111 :;1.lllopt 

although the anisotropy in the case of WsTe2 is minor. The novel W ,s, 11111tr~1111I nl 
has a relatively high Seebeck coefficient value. 

• It is notable that the reflection spectra of W3Ss and V3S4 display ,1 H11:iwi118 tr t11cl 

toward the infrared region , whereas opposing the pattern is observed for • :1i>•;1111:i1 ic111 

coefficient: it has its highest values in the ultraviolet wavelengths. 

• All gas adsorption energies for semiconducting 2D materials, except for V ,s.,, .ir c• 11 ;~ 

than 0.8 eV. Combined with charge transfer and electron local1Lat1011 fu11t 111111 

analysis one can conclude that the interact ion in adsorbed configurations rs of 1na111ly 

Van-der-Walls character. 

• Electronic DOS calculations demonstrate that NO gas molecules generate electronic 

states in the band gap of H-MX2 structures, resulting in a significant change 111 

conductivity. 

• 

• 

From considered materials, H-WS2 nanosheets exhibit the greatest conduct1v1ty 

change and are the most promising material for NO sensing. 

In the presence of an adsorbed 0 2 molecule, Mo2Se3 exhibits change 1n electr 11.,11 

conductivity that is both selective and significant. As a result, it is a prospcrtrvc· 

material for 02 gas sensing. 
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• The newly predicted WsTe2 monolayer also displays large and selective conductivity 

change during NO adsorption. 

• N02 adsorbed on MosS2 has the lowest adsorption energy observed throughout our 

study. In the configuration with the lowest energy, MosS2 chemically bonds to N02, as 

demonstrated by charge redistribution between the nanomaterial and the molecule 

and bond elongation in the molecule. These results lead us to infer that MosS2 may 

be used as a N02 reduction catalyst. 

• Detailed examination of the electrical characteristics of V3S4 in the presence of 

adsorbed gases revealed its potential as an effective sensing material for N02 and NO 

gas molecules and as a material for catalytic applications where it is necessary to 

reduce the dissociation energy of 0 2, such as in oxygen reduction processes. 

• V3S4 modifies its conductivity considerably in the presence of adsorbed nucleobases , 

making it appropriate for nucleobase sensing without categorization since it lacks 

considerable selectivity. 

• H-MoS2 and H-WS2 provide a strong sensitivity towards guanine. In addition , H-MoS2 

demonstrates conductivity change when cytosine is adsorbed , which is substantially 

greater than that of H-WS2, allowing these two materials to be combined in devices 

that selectively and reliably detect guanine and cytosine. V3S4 also can be combined 

to provide for add itional signal for reliable and selective nucleobase detection . 

I~ 
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