NS}

O© 0 9 A

10
11
12
13
14
15
16
17
18
19

20

21

22

23

24
25
26
27
28
29

31

32

33

Cr B3 Ge:SbyTes T RAAZRIR K FH LB
RAAT "

1) (KFEHETRY, JeHTREYER, KF 130022)

wE

TEWE Z AR MR, BB RIS (GeaSboTes, GST) , RIHBCRHIHT
S ER0F LE BEANEE 5 R (AR AR RUNE, 2 Bhas Wos B0 BRAR I A 0k .
Xt GST AT R R B4R, WHSEE 74 MiRE, 2fRamEHgae ks H
T3 BRI, FEB 2RI GST AEAE—F-F224/H4E (Gentle phase transition,
GPT) AR, MCHT AR B AR FIERNIRER . GPT A8 fif iR K B Tt
I CRAE” PRSP IR, FTRERCNIZ IR A KRG T )
BT . R, A6 Cr 525 GST H111) GPT RN E T RG M
T, R T HAL SRS E A Ay A E S AR A R B N .
g, Cr452% GST HMEIH R-T Wi MR W], Cr 528 B I = AT LLYG 98 GPT
BN ARG, I FT Cros(GST)eos (CrGST) {8 E 22 S H AR AR AL,
E 1728 GPT BN HIAE(E. fefa, fil€ 72T CrGST g5t (o a%
1, SRR T R B EAs AR AR AR . A, Wt TIREREE, A
I TR T -G T AN AL R BRI UE . 1% TARK N RS A
ey VR 4 R0 A A T PR A N A B — SR T R AT

KAl HAMEL, ARSI, TRMEING, S0, JEEh

IR AR

E4: HEMRERHERETRITE (YDZJ202601ZYTS036) « ki st B8 o1 2t &)

(D21009)
T BIEEH. Fmail: zhouyao@cust.edu.cn

H—1E#.E-mail: zjx@cust.edu.cn

FHAZA4 %L (Phase change materials, PCMs) , HAEFHARSFE 6224 &k
AR FEARAL, BT 5 TR, A3 Bon B s 51 A S, Hidy,
Hosseini 258 H] GeaSbaTes HIAHAR RN, 15 IR R 1 3 T AR AR B A 45k 0 i

1


mailto:zjx@cust.edu.cn
mailto:zjx@cust.edu.cn

10

11

12

13

14

15

16

17

18

19

20

21

22

23

AP, BB, BT SboSs AHASKORL, WFFCN GUEHRIE T — i e R Bl R 4R
I B R BAFE), T. Guo NI H T —FhdE T VO AT R Kk, T
R R A R U FEIA AR AR, B R B GeaSbaTes (GST)
SRS AR SR L R PR B LA AR S (K AR B TR S ABAUS), CUE A U
R IFRFIH . ¥ GST EEm T4 iR (T MM, SFBHET
HEHHES, SR AR A B AR CEHERZ N SET I/ o Mk, M
2 i 25 1B B A it 2 T AR T R AR AE DU R R R JGS R v (RRZ 4 RESET i
) Pl IXFh “SET-RESET” w3 AHAR A% A] LIS # . S eld sl i U U ERE
if)ﬂbﬁ,&wlo

X GST #4744, BBz Mol'l, Til'2, CIB1, Cal™Al Crl!9I%%, 2
Te 1) 50 i FE X 38R By, 0 R AR S 1 “ IR I o 3 F T R 3l
FEJETBAAE GST &bt 5l A PR3 n, 3 5 80 7= I8 L
fAg AR, ] GST gk . SR, TEIBARM GST HILAZAE 5 — P,
IXAE LA I SCHR A 1 RIS B 782 i AR AL . RATIFR 2 N P28 4122 (Gentle phase
transition, GPT) R, E¥ GST MBHIRE “RA” MR “F2” il
2, B e EL B T e R R f A e A /N, LR o — AN S X N P i
5 ARSI GST WE WK FT GST MIZ RIS GPT AN A AR AF B,
T 6T o R A v 1 vk AR R UK A 2, T RE O IZ A — 25
WFFERURE o

KRLRGMI T Cr 5% GST )65 GPT 5k, JFR/R T GPT MUNTER
A 28 ey o s ) R A ol BE ARSI H PRV EE L o ST T Cr 8 2% GST 145
AR RF I o R FH AR B - PR R LR B AR D) 1l 4 T AN R BE Cr #8711 GST
B, BT B GPT RS M sZm . B )5, i b BOAS AR KR BN
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Cros(GST)oos( T XHFRA CrGST)M4l GST IHTHH % 56 RECE L, W T GPT
LR G R P EAE S UL, JE Tk, 2074 T 36+ CrGST M1 GST 1%
5 E R R B O SRR X L . 540 GST #3441 AR S AR AN ],
CrGST #5A%F 1] LA =y As BE MO B 2t 47 9% . M E R CrGST KptA24, 3K
AIBAEAEI T 2% B 1F AR R 4540 S BORR KR T 19 CIE 1931 (A kR, BT 5E
T AR IR L R AR o SRS, BT T AR AR i R A T
R 73, FRBAIE T 3 “SET-RESET” I M. 12 TAER BESS R, b
BRI A 22 AU 3 R A EHE

2 EBREFE

2.1 FEafil&

SEG v BT A R I A FH P P S UTAR 2248 (Angstrom Engineering, NEXDEP)
4% o CERIRRE I 2 b, R RSE 22 om 0B 3 285 A VR ABE Y S ) TS BT
W FESRARIRAE I . LA 25 B85 57K rh 4y IR A e 1093 8, DL 2SBRA HLR B o
SER 2R I AR NS B A I EARIRUTAY Ag. ALOsHICTGST (BLGST) Hifi
Hil . LAk, FEAGHRZ NI S B I 2 (8] AR — Z 4nm & ALOs AR (b 1R K id 75
W R R W R . L Ag N ALOs 73 Ji1) EH L BH 34 28 s AT R 1 TR 28 7k 0 il £L.0.03
nm/s 1 0.05 nm/sHEEFRIERS K18 5x10°° Torr i 28 IR el 45 . HE L %
H 7 SR iV SN o TR GS TR IR AE U R R v FHEERS (s
Ge:Sb:Te = 2:2:5) i S REA WS IR DUAR T FiE. s %8 e 73 793 % 107 Torr, G
S N20 SCCM, B JEHE 2 90.05 nmy/s. TCrGST H 5L DU i iok ey f vk il
25, RIZEDR ST GSTHY A, 38 1 $Az8 RE R Crlit AR 24 i o 3@t 73 3% Hl GS T
MCrHITIARIE S, A EEH| Crif) 38 2K o LU R H i % 15 Al

B UM R DR B
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2.2 FERRAE

VL JIEE ) 2 THT T 300 2 TG 3R A4 BTRS 0 (9) 2AE £R 28 4 7 EDSSTHI 4347 T i ) 41 4 W
TR (Hitachi, 80200 8. 5 ) A PHL- i MU F L 3% Keithley, 2400)
DA AR A ) ¥ H BE- TR B A R G 58 A, iR FEBAL0 eCRB KBTI, A
W FERFF 100 R S5 RE I 0T B Cu Koo 85495 (Bruker, D8 Advance) [
XHHEATHT (XRD) A58, FFEVEH10 ° 280 °, FHFHHE 210 °/min. &
WG R Ah- 1] WL-Z0 M0 66 i (PerkinElmer,  Lambda 1050+) WI3RZ5 H
e P JEL R I £ Bl % T4 (Photon Labs, PLP-OP-E) 58 .
2.3 e AN E

KRS TR 229 777 (Lumerical, FDTD Solutions) % 7] W% [ 5 itk 3
ATHUERA . R, x-z PIINRA T Z4EFDTDY K X dh. “PIBOLIE Iz
7 ) BN BURE A b e 1A N T AL A, TRz A T 585
Bt = (Perfect matched layer, PML) 5564,  DABLHI I RIR O v 6 A0 JE PR K 2 [
FEGURJE T T8CE T — AT AL 28 DRSS o WA RE 21 nm A OR 45 R
O HERf T

ANTRIR R R B EERE i FHGSTARICTGS TR AE #b i Ze B ARil &
FARFELS B, SRJGTED S BARYS 23R o V)47 500 38 I 52 e i PR V8
T (WTheiss, CODE) 15 ARG T I RGHEE G L6 &
TV EARAT . FERE S IIEFAAE N, (S H DR 2 15,9 Wiem?,
638 nmf) 5 D FE SO G AR HEAT 45 i Ak (SET) 1 7%, A8 I ik v 68 &290.5 mJ.
Fkfos BN 10 psy K532 nmy EE AR N 10 Hz ) 54D kb o 25 3047
& (RESET) 1 #%, fESETMIRESETI A% HH 3 mmy/s# 3l J2 1)1 & # sl i
AR DRAE IR BRI IE AR R R [R) 55 . 35 ST R

4



—

W

10
11

1

NS}

13

14

15

16

3 HERGIH
3.1 JEEGPTRUN K ilE

FIHSLTURREAR, @i H CoMGS T IR 2, il 4 T DUFPAS [R5 4k
JERCriB 28 GSTHE . B U N TURRRE i EDSRETE . N RETS K AT LU t B 2 1
Cr, Ge, SbFITelf. EIHEMIER T HICRENEN, SREW, Crityis ke
IARN0% 4% T%F19.5%. P2(a)-2(d) A& FEEE T Cr. Ge. Sb. Telf]
ST A B SO R SEMIE R . MG R A BRI LB, ARG R EREANFE
551 SEMEUR R, IR CEE,  FLCriB A4t 75 B 0 W 2

AR

u 3 1 Map Sum Spectrum
Map Sum Spectrum (b) Map Sum Spectrurr; = —
TE | Wk | at% “;“ = ek | wee | ate |

Ge |18.18 | 28.55 | 0.25 Cr | 209 | 434 | 0.05

% 0] T Ge | 18.86 | 28.04 | 0.16
Sb | 18.95 [ 17.15 | 041 . so 1811 | 1606 | 0.23
Te | 6287 |54.30 | 0.9 Jd |9 &) Te | 60.94 | 51.56 | 0.67
Total: | 100.00] 100.00 b ks Total:| 100.00 [ 100.00
& WRlsl) & g
T Y T T T T T T T T 7 r Y T T T
T A R R M H i H f T R A

5 M Sum Spectm

Map Sum Spectrum —— (d) ( Map Sum Spectrum |
ok | wee | ave | P Wi

9 Mop um Spectum

JLE | W% | at%

Cr | 209 | 699 | 0.06 & Cr | 468 | 949 | 007
Ge | 18.86 | 26.78 | 0.21 3”1 Ge | 17.57 | 2552 | 0.18

Sb | 1811 | 1625 | 0.27 ) Sb | 1842 | 1595 | 0.15
Te | 60.94 | 49.97 | 0.76 o & Te | 59.33 | 49.04 | 0.58
Total:| 100.00 | 100.00 o Total:| 100.00 | 100.00

@ g ,W el 5 B
i o #‘;vl: A s " Y i : i . i " s

ALY
1 2

Bl 1 ARFBAIKEER) Cr 57 GST MK EDS 47HT. (a) 0%/ Cr iKEE (b) 4%I1 Cr #KJE ; (o)
7% Cr #E ; (d) 9.5%F Cr ¥#kJZ; Cr. Ge. Sb Al Te FIIM &% ZVuH: 0.1 at%- +0.3 at%-
+0.3 at%. *1 at%

Fig. 1. The EDS analysis of the samples with (a) 0%, (b) 4%, (c) 7%, and (d) 9.5% concentrations
of Cr doping. The measurement errors are +0.1 at%-.+0.3 at%.£0.3 at%-.=+1 at% for Cr, Ge, Sb and

Te.
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Cr,GSTe,

BN R A A AR R R R AR R R R AR R R R R R R RN R A AR N B R R AR AN A A A AR AN A A AN EEEAAAEEAAAANN S EEEAAAAAAANNARNAERAAAANASENNEEEEEEEEEEEEEEEEEEEEEEE

Cro5GSTegs

K 2 RFEIBRIKER Cr 2% GST HEEH EDS TR K. (a) 0%[F) Cr iKJE (b) 4% Cr
WEE; (c) 7%H9 Cr iR (d) 9.5%I1) Cr ik
Fig. 2. The EDS mappings and the SEM images of (a) GST, (b) CrsGSTos, (c) Cr7GSTos, and (d)

Cr95GSTops.

BT Cr 52 GST WAL (R) - R (1) Hitk. SN R-T
R AN 3(a)FTR . BB T, SRR B PR IR 28 I, RURl N R L
LR IRGNG IR RE, 700D N =B Bee B 1. Ak B8R 7 17 A4,
S HCBE A PR, X 2 Bl R B R BB TE A R AR AT AT G5 A 3R s 0 R R I
PUFEIE . BYB L APREAE S A PRI AR T O AL T S o MBI TR 2R 50
MRS T 0o 3277 G5 e A8 ARG E 7S J7 @RS, bAh, BEE Cr 340K
B, ARARR B T

X AR NGRS BB 117w AN [ PR f) R BEL R st . n ]
3()ffin, Bi% CrBJREERIIEIN, “BrE 117 wh e BE M R R B e, H
AR FEVE AR 58 . (AR, ARUE R-T B R4S GST. Cra(GST)os~ Cri(GST)os A1
Cros(GST)oos IR K SR ZRAA WK 1 HUR. Cr BA MR E =, SRR,
FHAS BT B BH ARG 2 . SR BH Cr B 28401 1 AR S A B0 0oL 57 A AR, A
= T P AR o Cr AR, P OEAH AR RN R o 2% P22 AH A 3L
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R FEEHTF Cr #5344 FE GST ddg h Ao TF Z R m: i FAS TS50k E
T JRAEAL f i i AR g 0o, i ) GST &S fnid A2 . AR X DU
Cro.5(GST)oo.5 W [ I H 85 S8 25 (KPR AH AR RUSE (4R ERIIN Cr B 4K E 23— 2B
WIS SR L GPT IR, AERASL G 2Rt FE VA -3 P 2 2 AR 1R
KR EHL 300 CH S5 ANEEE , B BIR . PRI LS 58 GPT LR
JEMBF IR EME, 55E 9.5% ) Cr BARIREBATIIFL) o B, AFE0H5
F S8 Cros(GST)eos (T LFEFR“CrGST”) J&Ht .

N TSR EIRAERE, WEFT T AN FER KR AL T CrGST B XRD K1, 45
RN 3b)Fras. AT “BrB1” Fi) 140 ‘CIRKIREE T, M A AR SRy
PE, ARHBIATHIE. HIEERE] “BrEr 117 H11) 190 'C. 200 C. 210 CHf, fif
T 29.74° ) f200) AT 5 IA A 42.86°K) £(220)7iT iz HBL. F W CrGST HFEIT
RGNS A A, TR O AL S5 K . JIREEAL T “Br B 17 1) 300 CRF, HI T4
T RLF 7877 d AR S F HRT AT ST I, SR CrGST MR LS f B AL 1 IO 32 5 M
N5 R IR A AR5,

BeAh, AT EEM R G R R PR RRE, B TR A
D=kA[(Bcos@) (B9 XRD THHIEFIETE, &k HL 0.89, ONRTHI A1) THEHSE]
PRI 2 foR. B4R, BB I Wk R RS KA, 4R
BAR I T — AR . XA T B BEIE IR I TR AH
AT Ao IR bR 77 A D A A A K . R AR d AR,
ACKIN, A0 AR T W, B B R, RN ARREE 5 T T
[ H SIS S . BRI W 2R R 7 R sh#l fs ZERe R Ak, B4 miEfRE. =

g R e, TR S R R A m R R, TSRS L. CriB e
) GST F4h dt B AR 1A B0, ROV ILAKK T GST B s AHUS. ARy dhiE,
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BRI E SBIAAE MRS AR, RECELPRPIRE, Rt EfE

5

JE B IE T3, 5—J5m, S0 Cr i1 5 AR 7. Cr—X (X Alfg
N Ge. Sb Hi Te) SEAIWIRTFELL Cr-GST P HABBE E S Re &, By Cr—X 1k
EDIEHE BA R R U020, ERXAEDL Y, WA RS EE 2 RERE. KL,
BIRARWEFURIS Cr 159% GST 4 dif R ELIREEAT S, (HARYE Cr—X —JoAlA

5 FERB R R RIWE FAI R AT A A ZHE R RIS S RE S, Cr 82k GST P

=

A4 e i A BE 2 BB 1), DU T 5 e R P 7 (R0 830 BB BE K, TR R T B TR 1

7 MR .

a b
107 r( ) ?;TGS% e ~ [ 140¢]
Cry(GST)gs § s
a 108 r Cro5(GST)go 5 ’; : §
§ 10° \E 5 g
2 J ‘é P = 200C
§10‘[ 2 s 8
= S [—2107¢]
10°f 83 8 g
2 L L L i H 1 H : 1 1
10 0 100 200 300 400 10 20 30 40 50 60 70 80
Temperature (‘C) 26(°)
Kl 3 (a) ANIF Cr B4R EE N GST #E R-T #h 2% (b) AS[FE KAL) Cro.s(GST)oo.s 18 i
1) XRD K

Fig. 3. (a) The R-T curves of Cr-doped GST films with different Cr concentrations. (b) The XRD
patterns of Cros(GST)oo.5 film when annealed at 140°C 190°C, 200°C, 210°C and 300°C,

respectively.

% 1 R Cr 52K EERER I RT H12% BRA

e GST Cra(GST)os Cry(GST)ss Cro5(GST)oos
PN -1.38 -1.21 -0.69 -0.04

£ 2 FEfh Cros(GST)oos AN FJAR KR R FA T 0o 37 7 AR 42

BRI (C) 190 200 210
26 (°) 29.74 42.86 29.74 42.86 29.74 42.86
Q) 1.73 2.01 1.58 1.26 1.33 1.15
FHIRIAE (nm) 3.41 4.44 5.06

B2k, I b CrGST MK 548 GST v I8 AH AR o B2 ool SR i R 30,
8
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W C HOG A1 GPT 2. B 4(a) Rl 4(c) B/~ T GST #EAE 120 C % 200 C
ANTRN IR KGR EE AL BN BE S SRR R n() TR k) GHGHR
ot o ATLLEH, R JGEREART 150 CHE, B K (n, k) e A6+
W, XRLT B BB 1 o MIBKREEIAR] 160 CHY, FEHIEHE K (n, k)il K
AERA, XMF BB HAAIRATREIR B KN B 10 CRIRHIZRA) .
B R R Ak ST, B SGRE R (n, WS ER AN, XERIF BB I
IMAE CrGST H, Wil 4(b)M 4(d)Frar, B KIREZIRT 180 C (BBt D I, 5
GST 2BM8h, FEHF S (n, HFIZAAR /N . IR KIREET 180 C (BrE 1D I, &
BB HTRNG W, [FIE (, KoY Tt B UL PSE T T 28 0. RG, CrGST k%
FHRFERAFAE GPT

N T —BIRE GPT NAEG T A I PERE, #1145 T CrGST/ALOs/Ag
KA WIREEN, 1ZEE I H 120 nm BRSO . 240 nm JE 1) ALO; 5 [A]BE =
A1 12 nm JEH) CrGST WS 1. R, b 4% T GST/ALOs/Ag #ff: ()&
FE 358 12 nm/240 nm/120 nm) PAESTEE,  £5 447 2 B 43 7 dn B 4(e) AT 4(H)
BT . TR SRR WS R oo Bl e, FRATA SRR EAT T AR IR
KALHEE, S S 4(e)FIE 4(DF~. AT CrGST #844F, iR kiR T 180 C
5], BT GPT R, B AR IR (038 A IR IR 10 T GST #84F, £ 160 C
N B €0 R A DR 8 BB 0 () RAR . PR, GPT S [RIFE 2 B T CrGST 148
PR EAPERE, H CrGST /) GPT i EEVE FDY 180 "C 2 260 'C. F:T 1k, AILLiX

13T CrGST FIRSf, SEHLGHG 22T RE ) S 2 %
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40 ,\_/

20

40t

Transmittance (%)
Transmittance (%)

20

P

1 1 1 0 L = 1 1
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)
8
8F(c ——T=120C d ——T=160C
7 © -T=140C 7F 0 T=180C
- T=150C 6 T=200C
6fF = T=160°C I T=220”C
2 —— T=180C sl — T=240C
5F |—— T=200"C [—— T=260C
< A
af , = e |
3l 3f — °
/ B
2F 2Lk ~
2
1F 1+
0 N N s ol X _0400 500 600 700
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)
(O ®
GST [ Cry5(GST)gg5
ALO; AlLO;

|
|

K4 AFDRKIRE T GST M1 CrGST S S8 R LA B B R AHAZ Bt xS L o (a) GST
JE ) 1L 1 5 (b) CrGST MR IIE L3 5 (c) GST KNS %(n, k); (d) CrGST 162425 (n, K);
(e)#:T GST S5ty L AL (DT CrGST S5k s A e |8
Fig. 4. The contract of the optical parameters and structural color of related devices when annealed
with different temperatures. (a) The transmission spectra of GST. (b) The transmission spectra of
CrGST; (c) The wavelength dependent (n, k) of GST; (d) The wavelength dependent (n, k) of
CrGST; (e)The structural color of the fabricated GST; (f) The structural color of the fabricated
CrGST.

3.2 ARG LR R

TE LR BT R 38R o, B AR TR BRI B VE A B30 B s AR AR T K
KE PR ISR SR 123, BRI, YA BL-H K (B ALOs RS v
TR K, B YE TR A . SR IR 2 T AR T B AN
ALO3 JZJE (hal, o, ) FLRKRIE (1) BIRSAFI S E CREPDUR TR 41 8 B S8
) o FARRSEHE, HET CIE 1931 5, MBIz rEgia s
PUTTHRI MRS . = RISAE X Y. Z AR N xRk s
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K (780

X =] H(A)R(A)x (242 (1)
17:%% CH(A)R(A)y (242 @)
Z:% CI(A)R(2)z(2)A 3)

Hr(2) ARATE, 1(2) AGIE (HALRH D65 CIE FriEtiE) 22, K 4Tl
B (HAEECH 1D, x(2) y(2)~ 2(2) A CIE b WEE#E MBI ULEC R £, 1M
N € XN:

N=["1(2)y(2)A @)

BE S5, HR4ELLR AR CIE 1931 KR x A1y ALbs:
X

X=——— 5
X+Y+Z7Z )

Y
- - 6
Y X+Y+Z7Z ©)

Boe, AT RED EA R EEE, R R B VA AR B S i
BB IET TR . A 5 s, FIFHEET GST Al CrGST H45# (s AF 1
15 FLRN S50 ) & (B a5 i G S IL R B . B TR S8 A 7
YRR, AT G o R L0 22, (EASEES 9 IR FRPESGAIE, B DAY HdkdT 2
I o

tesT=8 nm tcrgsT= 8 Nm

£EN
*;g hppo3 =240 nm hapos = 265 nm

RESET  SET(260°C) RESET S(260°C)

K 5 T GST Ml CrGST HI45# 1) FDTD 1/i B 5 T i) 5% 21 1) S 56 45 JE X6 EE o

Fig. 5. The contract of the simulation results and the experimental results of the GST-based and the

CrGST-based structural color.
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6(a)ffe7r 1 FDTD BAUAS 2N AN hai, o, M T 26A4F T BIS GHE < 24 hay, o,

M 140 nm HEHNE] 300 nm W, oA -3 R RGN, AT R AL

¥, HERTCAHERT, @ Aan, o, » AT AT B B AN AT LG VI

IEAh, 2B KR 180 ‘CHHE ) 260 CHY, HEANeilk fhzkm Bitrt, KT =

SRR, BRI FE R . 1 6(b)A CIE 1931 KR brvE T AIE hay, o, M1 T

FAF T QAR . SRR OB RN 6(c)fTn. Fit, sfFmamnT gk

HI 25kl 26 2 I ALOs JBREEATHAE « AR5, RIS R A8 I FE S BV AT 2

i L B %

(@)

ha,0,7 300 nm.
ha,0,= 290 nm.
0,7 280 nm.
ha,0,% 270 nm.

ha0,= 260 nm.
hp,0.= 250 nm
ha0,7 240 nm.
ha0,7 230 nm.
ha0,% 220 nm.
ha0,7 210 nm.
ha,0,% 200 nm.
—hy0,= 190 nm
ha0,7 180 nm.
a0, 170 nm.
—hp,0,= 160 nm
hy,0,= 150 nm.
—hp,0,= 140 nm

Reflectance (%)

Reflectance (%)
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DOV
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0
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Wavelength (nm)

400 500 600 700
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(b)

haros) (Nm)

300

CEy

0.0 0.2 0.4 0.6
CIE x

140 160

Os FERERURLIE T 446 F IR A LR S K 6 AL L . (@S (b)
PR B b (HRIRHLE Mt (R

Fig. 6. The reflection spectra and structural color with different Al,O3 spacer thickness and

annealing temperatures.(a) The reflection spectra (b) The calculated CIE 1931 coordinates (c) The

extracted color pixels.
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AL, WS T CrGST B (toast) STEUE RIS MEREMI M. B T
F GST Hgh iz gt B, ik 7)1 7(b)Fiw, T GST Mg i T18ie
GST JEJE Crgst) GRG0, HOGHEAMSEH B4 AE 150°CH 160°C 2 [A] H BB,
1713 F AR P O L AR S S i R M B Ak, BTLLEE T GST MI# A E &
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Fig. 7. (a) The reflectance spectra (b) The calculated CIE 1931 coordinates; (c) The extracted

colors; (d) The temperature sensitivity St of the device with different CrGST thickness.
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Reflectance spectra of the sample at different viewing angles; (b) Reflectance spectra at different
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the CrGST device with different annealing temperature, when the incident angle is 40°. The inset

shows the experimental setup, where the fabricated device is placed on the hotplate for annealing,

and the white light is irradiated on the device with an incident angle of 40°, and is received by a
fiber optic spectrometer; (b) The measured V-7 results and the fitted line of the CrGST device. The

inset shows the experimental setup.
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Fig. 10. (a) The Annealed (SET) CrGST film with-a RESET line scanned line by picosecond

pulsed laser. (b) The microscope picture of the marked region in (a). The measured height

differences between substrate and film in (¢) the SET region and (d) the RESET region.
X B g IR EEAS I AT, SR B S B ke B L “ SET-RESET” i
W, Wk 1@ 11(b)Fn. {6 “SET-RESET” A, KA ELMHOL AR

17



10

11

12
13

14

15
16

F D Rk ppisoe 28 4r AIAE A “SET” A1 “RESET” HIBURIIAT . &SRO ki@ T
PORAAGH, PRSI (HAAN 4mm) o T AHOE IR STE T 4% 2%
fEFEME A B, HmEBET#3PE B £ “SET” i, Wi 11w,
ko B AP R . SRS R RER AT & EHIR—IK, B N —% “SET”
4, R4 b CrGST KA M, B2 o4 . — REMEOE OLHEEAL Y 2 mm)
B AE “SET” ZRIXI8, S CBE o irk e R 28 0, MR RIC T “SET
HE” o /e “RESET” 2, il 11(b)Arn, ELEOLEs, Bkt

MRS ZE SRR L b, f8 CrGST “RESET” [HlEfAS . FEMmAEIR —k)E, B4k

WERR, HAERICFE T “RESET HIE” » K 11(c)f% TS £ > “SET-RESET”
T RAG I 3 T A4S0 381 4y e T i Bsf 1) AR AR PR 8 o SBT3 48 30 MG IR R 8 T

Ko YPERAIL | ] R AT 1

“ I
Pulsed Laser

CW Laser

Voltage (mV)
N N 0 00 © ©
o O O o0 o o

(2]
(8]

(2]
o

Number of set/reset cycles

B 11 Z5H (3824 SET 55 RESET 3 38E . (a) 1 (b) “SET”FI“RESET i I 1IE ) 5256
PE MR (o) REAEP X EIE N B R AR .
Fig. 11. The “SET-RESET” cycling validation of the proposed structure. (a) (b) The experimental
setup of the “SET” and “RESET” cycling validation. (c) The time-dependent voltage traces.

18



—

10

11

12

13

14

15

16

17

18
19

20

21

22

23

24

Fe T G AR B vt BT BE A0 07 SR B U7 1A It B BBOG AR DR I
I, FOCREARA H RG], IR EACR RS, AT BN o R
7, & TR, SRR SR To s R TR L e 528, geAh,
1328 THOGE S RPTTPLRE IR, WTLAR T vR 2 A s ) R R T Ui D s
4 & #®

RILRGHITL T CrGST K165 GPT 24087, IHHIP 4 H 13T CrGST #4F
TE iR 5 25 ) £ R 47 R - ki P PR VB AE N o GPT A% AT AT it Fie B -
L T B L, 25 SRR AR Cr B4R EE 2R GPT 30, AR
P28 (R-T 4 rp o PR B — A0 0 0 R P 88 JE R 5 2% GST &35
KD o B EA R KRR CrGST M4 (n, k) £, CrGST
R YEAELE GPT RS, Pl 5 1) CrGST #8487 T 2 AH AR iR FE [X 1] A L 2 ¢
G2 BTLA, @A L S8, W] S IR AR B R U ik
PEo TR L0 AR GRS BT, DU AT SIEE A R B RL R R BRI T Rk
s hl A DG O3 A B S B RR A GO E SR N BERE 5,
CrGST #3438 B4 iR BEAR M8 77 it BvHR PRI B, W8 Seil T IR (S
T -HLE 5 B A 1) S SRR IE o A A X T ARy v A R T € 4 o) A Sk =X

I EETRIN IS M — A BT U TR i 4%

S 3R

[1] Shao L, Zhuo X, Wang J 2017 Adv. Mater. 30 1704338.

[2] Xiong K, Tordera D, Jonsson M P, Dahlin A B 2019 Rep. Prog. Phys. 82 024501.
[3] CuiY, Zhang Y, Cheng Z 2023 Adv. Opt. Mater. 11 2300481.

[4] Hosseini P, Wright C D, Bhaskaran 2014 Nature 511 206.

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

[5] Dong W, Liu H, Behera J, Lu L, Ng R J H, Sreekanth K V, Zhou X, Yang J K W,
Simpson R E 2019 Adv. Funct. Mater. 29 1806181.

[6] Guo T, Zhang Z, Lin Z, Tian J, Jin Y, Evans J, Xu Y, He S 2024 Nat.
Nanotechnol. 19 1635.

[7] Wauttig M, Yamada N 2007 Nat. Mater. 6 824.

[8] Wauttig M, Bhaskaran H, Taubner T 2017 Nat. Photonics 11 465.

[9] Raoux S Annu. 2009 Rev. Mater. Res. 39 25.

[10] Abdollahramezani S, Hemmatyar O, Taghinejad M, Taghinejad H, Krasnok A,
Eftekhar A A, Teichrib C, Deshmukh S, Sayed M A E, Pop E, Wuttig M, Alu A,
Cai W, Adibi A 2022 Nat. Commun. 13 1696.

[11] ZhangY, Zhang Y, Song R, Ma J, Wu L, Song L 2023 Ceram. Int. 49 40105.

[12] Cao L, Ji X, Zhu W, She Q, Chen Y, Hu Z, Guo S, Song Z, Rao F, Qian B, Wu L
2015 ECS Solid State Lett. 4 102.

[13] Zhou X, Wu L, Song Z, Rao F, Zhu M, Peng C, Yaom D, Song S, Liu B, Feng S
2012 Appl. Phys. Lett. 101 142104.

[14] Bala N, Manju, Goutam U. K, Thakur A 2023 J. Appl. Phys. 134 135301.

[15] Wei T, Wang Q, Song S, Song Z, Liu B 2020 Thin Solid Films 716 138434.

[16] Siegrist T, Jost P, Volker H, Woda M, Merkelbach P, Schlockermann C, Wuttig
M 2011 Nat. Mater. 10 202.

[17] Xu M, Zhang W, Mazzarello R, Wuttig M 2015 Adv. Sci. 2 1500117.

[18] Wang Q, Liu B, Xia Y, Zheng Y, Huo R, Zhang Q, Song S, Cheng Y, Song Z,
Feng S 2015 Appl. Phys. Lett. 107 222101.

[19] Venkatraman M, Neumann J P 1990 Bull. Alloy Phase Diagrams 11 435.

[20] Hirotsune A, Miyauchi Y, Terao M 1996 Jpn. J. Appl. Phys. 35 346.

20



10

11

12

13

14

15

16

17

[21] Zhao J, Zhou Y, Zhang G, Zhou J 2024 Phys. Scripta 99 125510.

[22] NiZ, Mou S, Zhou T, Cheng Z 2018 Appl. Opt. 57 3385.

[23] LyuY,Mou S, NiZ, Bai Y, Sun'Y, Cheng Z 2017 Opt.Express 25 1405.

[24] Carrillo S C C, Trimby L, Au'Y Y, Nagareddy V K, Hernandez G R, Hosseini P,
Rios C, Bhaskaran H, Wright C D Adv. Opt. Mater. 7 1801782.

[25] O’Leary S K, Johnson S R, Lim PK. 1997 J. Appl. Phys. 82 3334.

[26] Wei T, Wei J, Zhang K, Zhao H, Zhang L 2017 Sci. Rep. 7 42712.

[27] Yuan G, Wang C, Tang W, Zhang R, Lu X 2023 Acta Physica Sin. 2023, 72
097703 (in Chinese) &[5, EERME, FECH, k&, FiEl 2023 Y)H
72 097703.

[28] Wang H, Qi H, Liu L, Yuan Z, Zhang Y, Wen Z, Zhang J, Chen Y,
Ouyang Q 2019 Acta Phys. Sin. 68 02290 (in Chinese) F i =, F5#E 5,
XE, B, KRR, WA, K&, Foom, KR 2019 P2
i 68 022901.

[29] Zha B, Yuan H, Ma S, Chen G 2019 Acta Phys. Sin. 68 070601 (in

Chinese) #roKE, RiFHE, S/A, BROGR 2019 PE 4R 68 070601.

21



O 0 9 N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Study on Cr-doping induced gentle phase transition effect in

Ge,Sb,Tes and its potential applications®

.
ZHAO Jianxing” ZHOU Yao"

1) (School of Photoelectric Engineering, Changchun University of Science and Technology,

Changchun 130022, China)
Phase change materials (PCMs) provide a compelling platform for active
nanophotonics. Among them, the PCMs, the -chalcogenide glass
GexSbyTes (GST) i1s  particularly attractive for dynamic display
applications, owing to its large refractive-index contrast and non-volatile
phase-change behavior. In addition to this, elemental doping of GST is
commonly employed to increase its thermal stability due to the increase in
crystallization temperature. However, there exists a gentle phase transition
(GPT) effect in doped GST that has not received adequate attention. The
GPT effect transforms the abrupt phase transition (typically occurs as the
annealing temperature increases) into a gradual process, which remains
unexplored and could be the subject of further research in this field.
Therefore in this work, we conduct a systematical study of optical GPT
effect in Cr-doped GST and its related devices, exploring potential
applications in high-precision structural-color control and non-contact
temperature recording. The resistance-temperature (R-7) responses of
Cr-doped GST reveal that the GPT effect can be promoted by higher
Cr-doping concentration. The optical GPT effect of Cr-doped GST is
validated by temperature dependent (n, k) of Cros5(GST)so.s (CrGST) film.
Based on the optical GPT effect, we fabricated the CrGST-based
Fabry-Perot color manipulation device that exhibits a gentle color change
around the phase transition temperature range. The color gamut and
temperature sensitivity can be controlled by adjusting the geometric
parameters of the device, and the colour saturation can be adjusted by
changing the annealing temperature of the device. The CrGST device also
possesses the potential of temperature recording. Based on the CrGST
device, we designed a temperature-voltage conversion system to validate
the principle of temperature recording. By adjusting the incident angle and
laser wavelength, a large and linear V-T response can be acquired. We
believe our work opens a new route in the area of high precision color
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control and non-contact temperature recording.

Keywords: Phase change materials; Doping of chalcogenide; Gentle phase transition effect;

Structural color manipulation; Non-contact temperature detection
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