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Introduction

The two dimensional (2D) matenials such as graphene have attracted great attention because of
high camer mobility and cutstanding mechanical property. However, the graphene has very small
band-gap (= 0.7 eV)[1]. Although there is amount of work to make the band-gap for the graphene, it
had been not working on. Meanwhile, other types of 2D matenal, transition metal dichalcogenide
(TMDC) also shows great potential in nanocelectromics and optical application. In parficular,
atomically layerad molybdenum disulfide (MoS5;) has attracted attention. When the thickness of
Ma5S; 15 reduced from bulk to nanosheet. the bandgap (E;) transforms from an indirect (E;=1.2 eV)
to a direct (E~1.8 eV)[2].

Eecently, exfoliated single layer MoS; has been applied to transistor and excellent on/off current
ratio with high camer mobility was reported [3]. Nevertheless, most devices using the MoS; have
been fabricated om small flake exfoliated from single erystals in order to mvestigate of fundamental
properties. However, there are many resmetions such as small and uncontrollable flake size and
extreme difficulty in the alignment for device fabrication so it limits their application m
macroscopic scale devices. On the other hand, the chemical solution process is promising for large
area formation of MoS; with simple equipment at low cost. However, there are a few researches
about chemical solution processes for MoS; films. Moreover, almost MoS: synthesis 1s worked on
the silicon dioxide (5102} substrate because of thermal stability and flat surface of 510; but
deposited Mo5; film have to be transfemred to other substrate such as high-dielectnic-constant (high-
k) thin film because of low dielectric constant of 510, for a device. However, during transfer the
MoS, film problems such as film wnnkle, chemical damage by etching solufion of 510, must come
up.

In my work, fundamental properties of solution process of Mo%; films on high-k thin film have
been investigated. In particular, MoS; films were fabricated on high-k films for the purpose of thin
film transistor (TET) applications.

Research Purpose

The objective of this research is to develop chemieal solution process for MoS, thin films and to
apply the sclution-denived MoS; to thin film transistors. To achieve the TFT applications. MaoS;
films are grown on high-dielectric-constant (high-k) matenials directly by chemical solution process.




Eesults and Discussion

The (NH:);MoS; dissolved in N-methyl-2-pymrolidone (NMP) was used for a precursor of MoS,.
To obtamn well defined MoS; film the coating uniformity is important and it is strongly related to

the surface energy. In owr work, the coating property for a precursor of MoS, was firstly
investigated by a surface energy measurement The estimated contact angles and calculated
components of the oxide substrate are summarized in table 1. The oxide film which has relatively
large y- and small y+ of surface energy, shows good ceating property. Putz et al[4]. have suggested
the solution structure of (INH:).Mo5, dissolved in solvent, there is the network linked via [RNH.—
H—NH-F] cations, where the proton is stabilized via two NH; melecules, which may play an
important role for coating properties. . If the substrate surface has a significant amount of pesitive
ions, it becomes diffieult to deposit the films becanse of the Coulomb repulsive force with cations.
For 51, 510; and PZT. the estimated y+ walues were ralatively high. Hence, it 13 difficult for the
(NHz)2MoS5s solution to be spin-coated completely.

Table 1. Summary of the estimated contact angle of the test liguid caleulated surface energy
components, coating state and film state annealed at 1000 °C with sulfur.

Contact angle
Substrate — a:_amﬂﬂ — ¥ W oW on Fe F:Emunﬂ%muﬁ:ﬁ:[

water  dilodemethae atweal ghyoerin aEe

Al 338 IEE 327 - 0.2 0 34l 404 good good

Hi, 48 ) n7 - 419 Q0B 653 445 good pod

2 o7 342 - 156 424 007 645 4646  good good
Ph Fr, Tap0y il4 171 - 1B 454 047 dlé 542 poar

(Bi,La)y Ti;043 48 e 27 - 0.4 D06 463 438  good poor
LI 1335 1z L 4.7 0045 544 4835  good

MZO 343 354 108 418 01 470 473F  good good
ALZ 173 35 o7 420 01 601 433 good
i sl 433 381 - 350 043 223 412 poor
Sl 47 431 251 - ITE 053 334 454 poor

To fabricate the MoS, thin film, two step annealing process (1%:4350 °C in ArH, atmosphere, 2=
1000 “C in Ar'S atmosphere), was applied. Among high-k materials such as HfOy, Zr0; and Ti
O, Zr0, system was most stable for second thermal treatment process of MoSs. In our work, the
electric properties for Nb 30% doped Zr0: (NZ0) which has higher dielectric constant than pure
Zr0: with same degree of leakage current, was firstly reported.

Figure 1(a) shows the Raman spectra for the MoS; films fabricated by source solutions with
various concentrations. Two Faman peaks, E;; and A, are observed in the Faman spectra for all
films. The peak position difference, which is a good trace for the thickness estimation, is plotted in
fisure 1(b). The peak difference of the MoS5; film fabpeated by the 0.05 molkg solution
corresponds to a thickness of over five layers. On the other hand a thickness of three layers was
estimated for the film grown by the 0.0123 molkg sclution. When the source solution with a
concentration of 0.00625 molkg was used. the thickness of the film is further decreased to two
mono-layers, although the Faman peak intensity becomes small.



The thin film transistors (TFT) using seclution processed MoS5; as semiconductor which was
directly deposited on the NZO as gate insulator, were fabnicated with channel length of 10 pm and

width 50 pm, respectively as shown in figure 2(a). The 0.03 molkg MoS, solution was used so the
width of Faman peak in figure 2(a) was 26 cm” (over five layers). The calculated filed effect
mobility which was calculated from figure 2(b). was 0.32-0.71 cm’/Vs. and the on/off ratio was
4.5x10°. This value is almost the same as that reported for TET with transferred or CVD multilayer
MoS,
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Figure 1. (2) Faman spectra of MoS,; fabricated by source solutions with vanous concentrations. (b)
Frequency difference between the peak of the Ez; and Ajz mode as a function of the concentration
of the source soluticn.
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Figure 2{a) Plan view of metal pad for multilayer MoS: transistor and its Raman spectra, (b) the
charactenstic of (a)gate-voltage and draimn current.
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U 2 VEREIR OB EORF D X D IBUE, BETBBEORENWT 77 =7 8D 2
WaMEIA R IR L2 b =2 2AHOFMEE LTHIfF SN TS, 1 TH MoS, 21X Lo &
THEBERI N AT FA R2RTMENE. 7T 7 =0 LI3RAR 0 R R v v T oK
ThHO, BIBHELHBEHRENI ENLEEFIERZEDTND, ZhbOMENL, Tk
VXHLE SR & OB BORIBES ., F 721X KFHRRE T— H Si0,/Si Bl b~k L7 IC R &
T DR EA~ERE T 2 FIEIC L0 T, R ETW e, ZHUSx LARFZE T, £l TR
R — I T RE 20 s 7" B R 2B B L ARTFEHRIEIC K D MoS IED TR 4 T 7
L. SOICEFERS — MEEE EICE S MoS, KA itk L CHIE N7 o2y (TFT) %3
BT5Z&xHME LTS,

ARIFFE T, FEHRR Z RS 2 & Z A0 DA Z A L, ANk % 72 Bk MR~
OBAFEZFHE L C RET XX —OWMMEHABE T 52 & CRAFENFHNTEL2 %
BB LTz, WIS, TFT EEO - OIIEEIED MoS, FERGBEIENMNE TH D Z L, ks
A CTORIRT =— kT 2L EMED B ZrO, ROMENE 7 — Mk & U GRIR L, b
Wil 7 0 21280 ZrOo,ic Nb Z i1 L7z Nb-Zr-O (NZO) %I LT\ %, Nb Z ¥
L2 ETEFEBFEON, ZIO, XV b EWHEERNGOLNDL I EEHD THLNITLTND,
WIZ NZO b~ MoS, BRIk 2 A L, IEe R K TO 450°CD 1 k7 =—/L & 650~1000°C
DIEFEALX TO2RT =— V& Z 12X > T MoS, EIREEDOREICKI L2 L&, T
~ U, XARET, X BT IEEIC L VR L TV 5D, B EAE TR EI
£V MoS,D 2 IeHEENS B i O MIMIZIR > THEBUEATICHE L TnD Z & 2B 5T
LTWD, SHITWIROREIZLD 2 5 FEREE TORERIEAATRER Z L 2R L TWVD,
NZO EIZHHE L7z MOS0 7R — VBB EE 13 25cm?IVs Tdh - 7=, etk ic, NZO #agIs b ik
T AT LD B LT MoS, A F v rv & LT TFT Z2{E L E22 LB A fid~ 2 L 1C &
DAFY « FTHICEREDORF/on F ¥ RO T DAL EBIHIL TV 5, (L3RR 0

AN RV EHS — MEZEIE EIZ MoS, 2B LT KT YR Z ZEBL L 7 DIEARMIERF O
TThob,



Vb, R, SRETIEEAERFI SN TR S LR 7 22 A2 X Y MoS, D
FERRIZEEN L, & I — MBI B ~EHE MoS, IS A2 TEAL L Tl R 7 > U A Z 2 LB L 720k
BIEDEWIIZETH U | 0T b SIS BB OBLE D 8D THIED SN b D TH D, J - Tl
(T VTAH A R) OFGERLE LTHMES D6 D BT,



