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Abstract

GaSe is a popular research in recent years, the two-dimensional layered
materials, single layer consists of four atomic layer Se-Ga-Ga-Se use covalent
bonds, and by the force as where Deval attraction between layers . GaSe has
a lot of non-linear optical properties, and has good thermal and oxidation
stability in high vacuum, already used in the quantum well structure on the
production of visible light. As previous studies have focused on the discussion
of GaSe crystal properties, or used MBE, PLD, etc. to grow GaSe film, the
study in the properties of high quality GaSe thin film by mechanical exfoliation
method is very few, the literature has used mechanical exfoliation method to
study GasSe thin film optical properties and then used in optical sensor. In our
study, the high quality of GaSe crystal grown by vertical growth of Bridgman
method has been used to be the source of GaSe thin film produced by
mechanical exfoliation method on SiO,/Si substrate. GaSe films are using
atomic force microscopy (AFM) to get thickness, and then the more in-depth
discussion of optical and electrical properties changing with film thickness has

been involved. Our experiments will focus on the measurements of GaSe thin



film Raman spectra, PL fluorescence spectra, XPS and KFM. By the results we
found that the performance of Raman spectra of A1’ mode (134 cm™, 308 cm™)
has changed when the film thickness close to 100 nm. When the thickness
getting thinner, the Raman peaks of A1’ mode appear red-shifted from the first
blue-shift phenomenon. PL spectra began to appear blue-shifted peak at
thickness near 100 nm meaning the band gap began to open phenomena. In
the performance of XPS we found that less than 100 nm the Se (3d) orbital
electron binding energy smaller than the binding energy of Se (3d) atomic
states, and the overall change in the electron binding energy of the absolute
value (Ga (3d) + Se (3d)) less than 100 nm showed the trend of more and
more small, may explain why the Raman spectral A1' mode (134 cm™, 308
cm™) peak position red-shift phenomenon at near 100 nm film thickness.
Finally KFM measurement results we can get the changes of GaSe thickness
variation corresponding to the work function, and infer the location of the Fermi

level, and finally we can build the model of electron band energy in GaSe film.
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Ch1 Introduction
1.1 SCRREEET

.11 GaSe f/r

GaSe & (&7 HEIT ELHFAE R TI-VI iR 2% » /& GaSe H
VU/NEFf& Se-Ga-Ga-Se LR (AIIE] 1-1) - B8 3L F HE S E At - [ Bifg
22 P LA BL R RO N - (T S e o et 2 - B B0 > AT 2
FESETHRAR, > P (EgHE N8 L ) B — 87 EE4T 100:1 -

Structure of GaSe

Covalent ;: VdW =100:1

1-1 GaSe o7+ 4t
GaSe fR{E BENTHEFI O] 7y BVURE & ~ B ~ v Fll € BE » Hip v BB R T
INHEZ > 6 e RERy /NG HEY AR ST ERET Y S IR EHY € R -
GaSe € F& 7S A& (AR 1-2)E: a=3.755 A * c=15.95 A > &1 & B 5,
A5 no>ne M B 62m B¢ 6m2(Ds) ZE[EjEF © GaSe #% fy P AIEEG - HIE
HAFREPRE R T4k 2.0 eV - HELEFEAERVN 25 meV[2] ©



Top view: Unit cell:

1-2 GaSe 7~ Fo A& 45 HE [
.12 GaSe YEER4E
GaSe REFRIEZR TEYRy 2.0 eV JEIRGEEAE BT K 2R R LT 58S UAY
FEE M > GaSe BT LAHIBRSE K A =i EL 22 T HYR RS M2k E] 600°C
PRI R R IR ELA 380 R FIAE AT BUBAL Y MR B 4 F 4R M BB AR
REHRETRR - 25 il EEFARE 1 um 5 18 um AYFH{r It ic 2 & S
P ES BRI REE EE AR Es(S] - % 1-1 Al 1-2 51t € R& GaSe HYRFIES:

2% 1-1 GaSe dmfe A A2 EY

€ f& GaSe fifis

s oy NI

2= [HIEE 62m
6m2(Dsn)

s B(A) a=3.755A
c=15.95 A




% 1-2 GaSe JEE ARS8
¢ fE GaSe FELRME L

Frix Laser damage threshold(MV/cm’)

1.06(um) n. |2.9082 at pulse duration(ns) 28
ne | 2.5676 at wavelength (um) 150

53(um) no | 2.8340 Nonlinearity(pm/V) 9.3

ne | 2.4599 | Phase matching angle for Type I | 63
10.6(um) no |2.8158 | SHG at 1.06um, (deg)
ne | 2.4392 14

1.1.3  GaSe &&fe Raman YGEE

GaSe & AR EOCEEANE 1-3)F =(EIBAYIEE R 5 - AL

mode (134 cm™) ~ E'  (TO) mode (214 cm™) ~ AI"’ mode(308 cm™) °

A1’ mode === GaSe bulK
134 cm-!
20000+ U ggeern)
A1’ mode
E’ (TO) mode ~
) (214 cm™) (308 cm™)
< 10000+
0 ”)
100 200 300 400
cm”

&l 1-3 GaSe SEABHI S5



HrP Al mode RN UG R 5% CRlifREN(A0E] 1-4)
E' (TO) mode & FIViRENHEAZ R FE= & C fhfREN(A0E] 1-5) ©
Al" mode EEEIRE AN E mode » HHF Al mode HHAY 134 cm &

IR 308 cm”

Atomic displacement vector for interlayer Atomic displacement vector for interlayer
and intralayer Raman-active A1’(134cm’") and intralayer Raman-active A1’(307cm")
optical mode optical mode

A1 TR AL’ mode (307em )

C-axis

1-4 GaSe I Z%s% A" mode

Atomic displacement vector for interlayer and

intralayer Raman-active E’(LO)(250.5cm"")
optical mode

E’(LO) mode (250.5¢cm™)

C-axis

1-5 GaSe firZ %5 E (LO) mode
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L2 EEEA P = (B B R T RIS (E 5T GaSe SHRRAY S RED
HITT Ry © 2% 1-3 Flt GaSe St T-IRENHA A BT SIE(EAVEEES -
SN 217 59em” PRI ZEEN E” #82X » 1EH08 ASHE L7 1
&3 B HEAGREARY Al B FERHER SRR B =
i (L ST R %

7% 1-3 GaSe fil Bl fEIG (H 2=

mode AL E’(LO) A2(LO)  A2’(TO) E’(TO)
Raman 308.1 250.5 247 236 213.3
mode E” AL’ E” E” E

Raman 208.7 134 59 55.4 19.7

1.1.4 GaSe EEFF14:
1-2 BUREL BT GaSe /& sp’ $E4E M CAVEE FHEF .22 14 - Ga-Ga
FUsaE =R BN P ER B 2.35 A > iff Ga-Se HUSERE R 2.47 A > Bjg >
JETE Ry 413 A(fE Se JF+F Se 1) « M-AIE ¥ fEHY Se AHEE S 3 A >
M—J& GaSe Al £ 0.93 nm[2] » {E/SFE AL A H a0=3.755 A » co=1595 A -
72 1-4 GaSe [HEFHEY
GaSe (density = 5.03g/cm’)

Element | % Formal oxidation Formal electronic
state configuration
Ga 46.89 |2 [Ar].3d" 4s'

Se 5311 | -2 [Ar].3d" .45’ .4p°




1.2 BHFEEmi

USSR AR ZERE R graphene 1F 2004 SR H Andre Geim Al
Konstantin Novoselov F¥IH#E eraphite #1438 graphene & 73T - 2EE] =
e > FHFY 4RSS R LY 22 Fas R SRR R M T R T T (R IE
I E#EE+RAY7ETT > ZR1M graphene EZRERRATH A NE & HZE > HHE
# B AR AT DL 2 200000em’Vs ' > {HZ LR graphene FYZERERR > S5
FRRE PR H SR B SR B R i g LA EHY graphene SRFTHRAEMR - J7RE
FEFE BRI IF oo GaSe iy II-VI BERY 4l - HIRGR MR 14 DL
K JEF AT 1970 121555 (G B 2577 FRIBSE » 0o AR 2 e R 7 6k
R Z 4D EAS A UCBC YR 2 (NARE SLFE DI MEAE R0%) » ATASEEIRR e
ST AT B A VECE ST AL PLD 4= & GaSe SWifs{S-2] 1 1RAFAIRE
TS HERE AR R AL S L B N SR BT S B T e (LB H2E] o TS GaSe
S SR F AR S BB IR AR 9T - (SO D&Y FIREERAMS|
FEFRAM Y= P AR A 15 2/ GaSe AT ARt e FHAE T4 E[211%
FIRIFHTRER - BEFAMETE GaSe MUBRRRFMEATITZE 2 A E L -

1.3 HERETT

A SO FHARGHIBE 5 GaSe B EAE Si02/SiZsti B - i H A OM
BRI BRI (ARM) & IR R < 12 (TR S OERE ~ PL OGRS ~ XPS &
FEEM] - A KEM &8 » T35 FRE| GaSe 11/E [ s 8 HA Rzt h S
Al mode 1F 100 nm AT FIRHCBER R LLEAYER S » PL HebHILZE1E
100 nm B 2 1% 620 nm L BAVIEE HIRER - BURREIRITIE R - 21%
fR9E XPS B EHIGE SR FAMEEER Se3d #Y binding energy 1 80 nm B¢ HH 7 1%
{8/ NP FHEAY binding energy © FE{A1E KEM HUESHIGER FEHY 100



nm RS ERREMGER - HERAERS S NEER/NEK -

HFTEABA T R = Z RIHITFERCR MRS - 838 i PLD & GaSe
SRS AL SOLEERZRIL Al mode B ATE 100 nm M FRIHH R #ERS
RALIEH IR G B RHI B AP S BN ERERIFAREL > 559 ME XRD HYEM
Hrin SR PLD B4EHT GaSe S#FEAE 100~150 nm EFEIF004) A FE A%
HAPIHEMN GaSe fEE(EEE A GEbEE -

1.4 EmoCZENE

AR SAE B —FE I GaSe FVEARHE - F B L2 FipiVE R - £
fEHLS s [FEE ~ PL GEERYEEE « XPS Al KEM BYRHE - S5 = EEE
ZERE BT BRAET o B S RS FE S A BRI - 2B EEE - F

VUEE Roft REAET5R » SRR Réham > SBAESHEM -



Ch2 Ehe/FEEERTE
2.1 FI PRI LA GaSe Wil
FIFI B £ TS S GaSe SR ELAE PLD FEHIEE PVD
PIERRAEIUNOE » BRSOV RS - BB SRS GaSe LY R4 A
JRGE » LR LD AR BEAR S » BT DISHEPHRHR R 2Ll
SRR BRI S MR R M S A S B B R
o o T LR AR RIS - AR R e T 4

B -

2.2 GaSe JHiHAE FEME - R T T 1085 (AEM)

- JIB SR (ARM) B i fe st t B U g (SPM) . — R A B A 15
VRIS E A IR R Al NSt 2R R anall SRON I B i
REAYR O NEATEENSE - A7) - ZREEER -~ BEampFeE )] ~ Wy ~ 4t
Sl F o IR R A R i as (AR an AR B TS ) (iRt
HEE EAUGRRE )T e [RIEREE RS - (EPRETAIER AN A IF FAEIm T A AE T 4
FETRE o IBLHT W & PEREE A A 256 A 2> Rk et EE(ER
Y ELGREERE - ToMIE TSR E iR A B F B - PAEEEIE A
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Coarse approach

SCrew @I

i

Hle

Stepper
motor | Fig,2 The structure of AFM

2-1 AFM ZEf¥[E

ARM Wy EZGSR B EEREr - RSB ~ DUREMN S - B - [HIeEE
BN R v PZE R ECREAG SY  SEFSF IR BT B an B ER Y T 2\ R o E R Rl il
B e B AL KRR £ ZREIN RIS A {H
Es > PHRAERRAR Sufs A Ry B i 2 IR (E P D a2 AR pAess - [RIRSOSE
EHOCIS VIR ENZSHIE T - SOBRURN R RS RS 28 RS E A Ry 8
BREN SR 2 1% » 5 B H0 07 HY g (il BB BRI AR DS 27 oo aaie - ' A P2 1) X
y EHBE B BRI - ST e LR - 2= afet i eRE s > NIt
B ERRE (] 2 BhHBESE) 5 SRR PRET BB A E e - PERERER G B a5
P NERSH > SORRACR X 0 Y HYRRE > 155 AFM 5245 -

Fo T ABERE i A8 A tapping mode J7AZRE IR Rl -
RSt tE R an B0 B NES) - (£ IEE E S Tk ool G R Ln -



BN A A E DR R an i TR D E IR R Sl )N > M HATR B4R
B LR T Ay R EEEER S (7 T NP ECT L fF R HIEaR R (R ES - 1l FLAE
FURR JESREEERY S BIEE /)N - AN aR S R i o 5 ER AR EE ] LIS i
AT RERG: -

2.3 ME LG/
2.3.1 Raman Y¢E& 8]

EROCIRAE > TI0 H By 7R E =M T eSS O F
> & AL S5 - 5 H S LS - e TR TR SR E—
{EFE B EE EARRE - 2758 2-2 o EHEEH > TR —(EDE F AR
Fl—{EAF P ERER T SR ERAR - AR HNERIE B =g (E5
RO T ISR SO LRIV R A -

E2+hVO——--——— ————— e e -
h(v, - Av) hv, | |N(VotAV)
E, \/=
+ V=L } h Av
By V=0
[ 2-2 frS ot
STOKES ANTI-STOKES
aylelgh
Vo- Av +Av

2-3 fiI*% shift
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AR R RBHIRREH 7 T ELOIiIRE R RE B FTstss AR E 0 Al
TR > DR RS HIRAE BT - 15— (EHRAVSCEE M Ry Stokes shift(fE]
2-3) o AIRALAREIREEAY 73 T EERAGIRRERFRE AR - FTisisd ok e T
PR - 18— (ESRR A4 By Anti-Stokes shift © FIL SRR
REEEBOL TR T Z RV AR - stE —(EFEEMRER ey Bl

+

BRI RBIAVACAL > s TR AV BBl E T EHIE 8 BT
N2 BELERGER - B ERIVB(LERIAEH S HEEE « 2R R
Y R AL A e B AR EIRRR R E -

2.3.2 PL StaEEH]

B (Photoluminescence, f&#/ PL ) ZFEYEIR LT (SCERLR )
REFTIESA LT (SRR ) HEE - BT 8H R L B @ik
LA s Py E R O TR F i = BE AR AR 3 RE IR X [BERAE RE » [RINRFAL L
JEFHVAERE o eEER RS EE AV (Fluorescence ) H1HY—71&

SRR ERONAR 45BN 7% » B R B R
Mk SEEREIRES FIRORE L > BAP RIS 22 BR AE ARG AR - 12 (i
RSO o BEARIVAE R T DUBE IO U R - LM
SEMEHCAVERRIBOCEEDL < SLEE GRS R RS S E
TR ERET B < SO BRSNS EE T BB R ARG - E
iE LLEE T B B MIHV B R - ZERAVARE & iT LUS B S IB I A RERAT
HEFEREIL - SRR CHRS Y AE B2 BRI (i BT AR E AR AR AH I
Y > B E OB R B T AR AR 2 YRR o SRS R R
TR RAERE Y « SEEEHE AT DB © fbabel] - 8 R
TRl - ¥ SR DU R B
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2.3.3 XPS

X B4 EF-RESE (2 © X-ray photoelectron spectroscopy * f&ifE XPS )

ETEAAEME T ERER - B DURETATE TR LR E
THEME ERERE T - IBRERTH X SHRIBH BT SR - ERHIE
(EMPRIREDAT 1 20Kk 10 ZoREEN % HE FAVBIREFIEE (e a2
X B4R ETRERE « X G40 T RERE AR s T T = L 22 R T T -
XPS "] LIz &
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4  FREAGETREALRRENE TS
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BIRE/RAEE binding energy FyfE AR - MR (AkfE/s ) RydtAAEm e
BT RERGE o EIMIEREEARER - X FEOtE FREs R B L i
A > IR AR Ry (B 2290 B B8 -85 ( Electron Spectroscopy for Chemical

Analysis )

Multichanne] detector with 16 channels

Hemusphencal Sector Analyzer

» s
Synchsotion Radatos 2

| e EESS 4 L R
Ovder .".'.11”‘!"‘1\.;.0!1'1"

& 2-4 XPS Z &R ElE

BEE 2T

2.4.1 KFM 2 HI &%

KFM Z &2l AFM Z 48 Ry R BRI (= T e BE S D pR B T B
(8 2-5) S —RAAEFIGR K ARM 8- 5 “XHG I /cimE & KEM
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Photodiode Signal &
S Amplitude Signal >
L Lock-in
Amplifier Amplitude + sine(phase)
B | 5
Reference o
Laser Signal Servo Controller 3
= |
y Beam . (Feedback loop 3
0 adjusts DC tip @
Photo- Tip om DC Vollage voltage to zero lock-in
detector \ signal)
* Potential Signal >
Sample = )
GND
High Resolution

Oscillator Signal Oscillator

2-5 KFM %45 J7 HE =l
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Electric Field Sources

2-6 KFM #h{Er =&l
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(3) BRI BRSSO T AN E TR - R ERE EETRAIT)
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(4) SHEEETRERELUE

6 HAERREIHLUE

© HEPEYiRE
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H1 phase £ » IR EIAFREAESIHY phase &g -
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6 KRR TMHEZEEALH GaSeRaman Hl7E -
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3.3.3 Photoluminescence spectrum(PL St:&%) & H
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19



OM e FIRE R AP - MRTAEEAEEMNR_ R4 1IE 0 AR E AL

A T R S EEE B E A = B RS 2 R H 22 2 1E-9 F4l

I EZEE - $ 1A [E] S #E1T binding energy £ valence band maximum (VBM)

Ml SRR

() EHEAVRTHLER MBS

() ETERVERTERCE

(3) MR EBER R AT RE A B

@) B

(5)  FE 7 BhEDO R R T R BE

6)  TEADERMLE 5P/ Fli s E 70 B S Ga3d~Se3d~survey
VBM =5k

(7 FEEE

1

ll

34 EEE M
34.1 KFEM M

KFM 31 3 ZE8I22 bl work function #7581t » FRIPIEF GaSe SR
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4.2 Raman
4.2.1 GaSe SHFEH ST

SR E RS GaSe SRR 8L B EE T =
53 Bl PR SRR B By 2 S A S T By =
LB 204 TR TG 2 LB — B0 25 FHURTE R —%
TSRS RIAIRE (SRR OE Y - R B BR A AR -

A2’ (LO) mode

E’ (TO) mode E’ (LO) mode

Al’ mode A2’ (TO) mode Al’ mode

515
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100 200 300 400
cm’”

4-3 GaSe SHRAF S G5
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GaSe SHRE HOHIEAE T EEFE (8 4-7) - HHIRY E' mode Ry E ¢ il
AVREBIHE » GaSe SHIFR B2 8 d A RS th &S S I R RA
HY IS REIRGE T EE B ¢ BiHVIREIG SR (EENSREEAS -
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2 4-1(a) 134 cm’' F— R BT E B ER(E LRI

JE 8 1 2 4 5 100 bulk
Paper  131.2 1332 1336 - - 134
Hha - 132.0 - 132.08 13377 1325

% 4-1(0) 214 o’ SB— [F H T E B E B (E LR

e 1 2 4 5 15 100 bulk
SRR 2126 2117 2113 ] - L 211.4
=i - - - 213.16  213.11 211.14 211.04

% 4-1(0) 308 om” 5 FEERHE B BT B K H

JE#L 1 2 4 5 100 bulk

SRR 309.0 0 309.5  308.6 - - 308.6

B - 302.74 - 304.20  305.88  306.21
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4.3 PL el &

4.3.

1 GaSe &&fe PL sk

$1¥} GaSe HY&AS PL O MIE - 73 BlIEH 325 nm ~ 532 nm B 54

Rl a2 el > FLAERANE 4-7 R o ST ERERERAYEL 7 TR R
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L {E 2 BRYERET © PSR E RS T R
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4.3.2 GaSe ;HIfE PL JtEE
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N
N

AN

rA L H A

4-10 A E SRl — G R T RE A 45 LLER

e DFT

m GW
—— DFT bulk

==== GW bulk

PR

3* T _paper[3] 2~4nm
3 ] 2 wl/15nm'“100nm

"~ bulk

el
D= N1

Number of tetralayers

HH ' band Z] A band AVEEEME ] IR B E F e r it imis e L 254
HEA R -

R a

b = 21'[?
PR E SR AT dRZERIAE - bR EREE - iR
HEREEZE#E(L) Tl = 4R RE A A b E—4EA G R -
RV ETE RS A AN B 22 i a | A/ N RS 2 > FIFH IEL BE g

AT LR B S B S s T R AR - A0lE] 4-11 Fios > B EREdEA

33



fitting AY{E& AL RS (EE smat BT AR i - 2817 > £ PL B B A EG

$

J& > 05 e LN ZRAITF A G W approximation 51 HY 2RI CLEREITE
PRME -

4.4 XPS
4.4.1 GaSe fnRgELE A 3088 i RS RES b

S8 PL 455081 GaSe USRS (L T W12 T - 55 T S0 AR
%2 GaSe WM /SR (L ¥ 28 T-45EATECE - B8 XPS #E(T T GaSe %
P FHUR R AT - AEBRSTE Ga K Se 3dBUKFE FHY binding
energy HEFTRLH] - &5 4-4 -

7 4-4 GaSe SHHFE XPS B FHUIBCRAEAEEL

BEE 10nm 14nm 25nm  34nm 77nm 80nm = Bulk

19.80  19.81
Ga (3d) 1985 1984 1991 1997  20.17

20.46  20.62

55.11 5520 5531 5535 5534 5535  55.68

Se (3d)
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74.91 75.01 75.16  75.19 7525 7532 75.85
E (Ga+Se)
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-0.71 -0.81 -0.96 -0.91 -1.05 -1.12 -1.65
AE

083 093  -097 -1.2 -1.07  -1.28  -1.71
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591t Se GAHIEEERFRAVELSR - 1£ GaSe JEE/NGY 80 nm
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Fon Se 3d WIS TR il Se FT-#2HYR A - 35/2AE Ga (3d
380 ERTEAEIRY - W] DFEAE T RE/2 GaSe MEHESE 2 R
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AR By TR YT R FE D S B Xoray W BRI i
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WO BRSNS B RE G (UPS)HY J7 =& AT ek 8 - IR PR 23R FE A1
KEM By 5 ZUEMIAY GaSe AYLARAEY - HAERTFE 4-5 AR » $1% 100 nm
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4.6.1 XPS vs. Raman data
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B R EEA AR B Rt GaSe S#HH » /55 U LA RIAACGUR =4
MR SIS - HAE R SO ety R R BAERH B &
e RIAYAERE 2 ARSI (F Rodicm - (B2 SR B AT g dh SR A S AL
R EETE PP IREIEE Ak AT GaSe SEEEAR F)GAEMKIE » AlfEHL
GREHMOIRIEER - BefHEmE [Hhr S 2 bavEE TR A E 2k B IR EAR
S T EAREAR B AE 100nm JEEHTAT AT RE A 4518 _ERYEE(E - $HIEFTA PLD
JEIfEE N XRD HYSEIREEER - (0,0,4)FVIE(ELE 150nm JEREHEREEAL - HeffIi
SEAE (I F REFT AT GaSe SHERRHY an i o] BESF AR » A &G PLD B
BEAAMHERERRES - B TEREEEAFTE 2 GaSe Ml EMmE
EEEANR AT G T 2R R ] e RR EE Sen AR Y
TF AR » GaSe & B ARG MR IR » SCREEZ
EHlFI A GaSe fifg it THz pulse generation > FAIME(S GaSe S EEE
RS H R G L S GaSe T B ARHEEET] -
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