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Abstract

For cost-effective and flexible multi-junction solar cells, the development of high-quality infrared-absorbing Ge

layers on general insulating substrates is essential, yet has been hindered by small grain sizes and high defect densities

in conventional polycrystalline films. In this study, we employed a solid-phase crystallization technique combined with

subsequent grain-templated growth to control microstructure evolution. By suppressing interfacial nucleation, a large-

grained seed layer was formed, enabling thick Ge growth while preserving the enlarged grain structure. The resulting

Ge films exhibited significantly improved crystallinity, with large grain sizes and reduced acceptor defect density,

leading to enhanced carrier transport. As a result, clear photoresponsivity was demonstrated in polycrystalline Ge layers

on glass. Furthermore, this low-temperature process (< 500 °C) was extended to polyimide films, where Ge-related

photoresponsivity up to 1.8 pm was observed, suggesting efficient infrared carrier generation and extraction. These

results establish a viable route for realizing high-quality Ge thin films on low-cost and flexible substrates, providing a

promising platform for next-generation multi-junction solar cells and infrared optoelectronic devices.
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NOEORREREZ, R TIIHTART FTAT v L%
fitivlh Ge WO AE AR AR A HIMEIL C, 43 YR D SE5EA B )
ELTe. T 7 e RIUIIE B LR LB ChDH—F, BIED
BN A RN T 2B 235 19, 22 TIPS
T, HEAE (a-) Si THUE ETo SPCOIZ LD RRIEREL,
ENET TV — MU B E AL A G o 7o ZBERE AR
FRREL TS, R RDILREIE L& RIFC FZHL
22 LT, R E OIS X, BRIE 7 Mk R g e A
EEFRVELR R AL R IE SISz, 2o EHIZL T,
HIARLT TAF v LIZE ik Ge Wl &M E G kL=Z
ETHIIEPE D FFRIZREF LT=.

2. REBFE

AHFFETIE, Ge BESS VHIE, ffkEITIEDOR22 4
T OREMEEZ AL (Fig. 1). a-Ge BRI N a-Si Tt
B, TNENATAENR EBIOVES 50 nm @ TiN & (&
fi) 2 AN BRI T2 T T AFAR FIZHERE L7, 7235, Ge &
DE LBV O 7281 TIN B D72 Gk ATy,
SN EEREREZ Ge BO LT TRATAEHINT 57280,

TiN FHBZ R L7232 VA, a-Si FHUE (~2nm)

OHEFBITIL, BTFHEZHWVTRIETHRELZ. a-Ge BITrX
— RN E NG RREE LR OHERE LT HERE R D
HIRLEE (To) 1Z=RIR (RT) E£720% 125 °C IS ELT-. HEFGE,
B N2 FPHA P CEVILELL T (375 °C, 150 h), SPC %#%
L7z, F£72, 50 nm @ SPC-Ge a7 7L —RNgt LT
450 nm @ Ge JB% R LT (Ta =300 °C) . & TOFREHT, Ge
BHoOT 727 RieE KBS Y7012, Ar FES T TR
ZRT ==L (500 °C, 5 h) Z4T>TW\5 10, Kkl git%
Table 1 TR, Fie, TIAF w7 KR (BT EARYAIR 7 4
JL 2 XENOMAX) EIZBWTIE, Ny 77 EELT Si02(50
nm) ZANy VL THERELT- 1%, TIN JE& Ge @& TR LTZ.
- BUBEO#E &b 7 0L 38 L ONRE S bL AR LB R % J7 HiGEL =]
P (EBSD) {EIC LD FHM L 7=, R AFRIEITA— 20 S E

ICKFEAEL 7=, MIEIZIE Van der Pauw 5% VY, sl A
I3 10 mm x 10 mm &L, FEHURRIC T 71— 7 % B AR
SETHEEIT- . MIEFEIRICTE/BLZ. B O
PEIZT <43 WIS TR L 72, 72, BBHET I Ol 22121
i PAREE (TEM) BL = 3L — 580 X B0t
1% (EDX) IS TIT o7z, 3 MR R EA 0 720, 3B R
IZEEE 1 mm, BEE 60 nm O ¥ ITO Eitiz = E i (RF) ~
Z R AR BY L BRI EOB R LT, HIREL T
(Xe) T 7 &ML, BIE® ITO BMEYED TiN BEREL
WNAT AEFEZFIINL T YR EZREL TOD.

Table 1 Synthesis conditions of the Ge films.

Sample underlayer Ge thickness [nm] T4[°C)
A - 500 125
B a-Si 500 125
C a-Si 50 125
D a-Si 450/50 300/125

Sample A
(b)

Sample C

Glasg
Sample C

Glass
Sample A

Sample B Sample D

Fig. 1 Schematic illustrations of the sample structures. (a)

Samples for crystallinity and photoresponsivity

characterization. (b) Samples for electrical characterization.
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Fig. 2 Crystallinity of the Ge films. (a) Inverse pole figure (IPF) maps and grain maps obtained by EBSD. (b) Raman spectra of each
sample. (c) Peak position and full width at half maximum (FWHM) of the Ge—Ge mode for each sample compared with single-crystal
(sc-) Ge. The colors in the IPF maps correspond to crystal orientations. Black and white lines indicate random and twin grain

boundaries, respectively.
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3. HR-EE

EBSD 5135724 Bk Wik 5 X (IPF) & ki~
7% Fig. 2R 7. R TORBHIBWTHE L AT
UH INTHHTEM, Sample A TIE(100)BL A2 RSz, Z
AU, SPC IBRRIZIST D FHER S CTORE — BRI R

L, RrEDRE AT MESERNC R LTc Tz B 265 1.

—J5C, a-Si FHEZE A L7 Sample B-D ISt mk% ARk
DS, BRENIEAERDIET, K0T MTEN
BLm oA MG DTz, Fie, BRI T 7 SR L L
TR U THE~O BTG AN NIV AT RS R S
TNWDIEND 19, Fo& WRLFUC X o TR EN - 8 A 4
BELUCERLIZ. Sample A TIITLZ LRI R OEIGNE N
—J5C, Sample C BLU D TIEMERRL I OFEIE B HINT2
IR AFRO DIV, ZOEWTHE LR OEWICER 5
EEZOLND. T7bh, a-Si FHIE OB AL R ik AR
DIHIEND. ZORER, K fbLE L OME 2L MR T 5
LEBIT, RERTRIZISIT DR TE AR S BETE L LS
T, TUF BDREROEIA DME T UGB R OE| A A3
IMUTZFIREMED BB, Sample A OFE SRR I OB L
LTSS, Zhud SPC BRI B R E AR DR BT
F£BEEZHNA. KR, TIN JEE2H 9 5% 6 121% Ge/TiN St
I ZH VT DL B E SRR D T8, Ge/H TAIER DA
LI L TR/ NRIAR LR DB A RS V. — 5T, a-Si
T HIE A& A L7z Sample B-D (23T, Ge JBE FiZ a-Si
JBDEAET DI, FEBY R HIE Ge/a-Si St &72
5. 207, a-Si THUF OB AIZL ST, TiN JBOF EIZEL
DAERRIERE~OREBITIEAL AN, EHRRmIcHEIT5
S =L — L, R R B AR Il S
72EEZHND 9. Sample C Tl 2R D45 SRIEE DY KA H,
HILTWD. 15l Sample B L[RIERTHHD3, Ge BOEIE A
500 nm 7>5 50 nm ~FESLTWAHZET, SPCIBFRIZIIT D8
IR E BRI SN2 THD 9. Sample D TiF,
Sample C DRKIFE Ge J@E T 7L —hELTEY, TOHE
RIRAEAERFL 23D Ge DR E L TWDIEERL TV,
AR TEIL T~ IS ZVFEI L 72 Fig. 20851,
AFBFTR 300 em™ AFUTICHE S Ge SRS T D8 — 203
RN, B ELITERE Th ozl emb, 2Ens
A ERICRERET RNV LS. Fig. 2t —7107
B LEIE (FWHM) 2559, B Ge bk E kT 2L
—IPE TR AN 7 U TRY, ZiUE Ge & Si0; DEL
TR AR T A5 RIS LD bDEZ ZLND Y. 2
D7 NEITFEHCEZRY, Sample A TIXFFIZ/ NS o7z,
ZIUTRI R CTOREM NI ALHERESNS. —JF, FWHM
WA B0 e, INAE RIEIIZIE RS ChHLHELES
n5.

A= AR EICLDERFFEFEMOR R, £ToR

BHIER D7 7872 REGTERL T p BURE AR LI 202D,

PERIETOLHER Ge B (Ty=RT, FE: 500nm) <> Sample
A-C ELLEBZLC, Sample D Tl RIEICIEALIEFE p AL
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Fig. 3 Electrical characterization of the Ge films. (a) Hole
concentration p and (b) hole mobility up of each sample,
compared with conventional SPC-Ge films (74 = RT, thickness:

500 nm).

T3 (Fig. 3(a)) . Sample D 123115 p DK F i, FEL T
JEHENNZEED Ge/FEMURE TR DT 7272 KMo % 5K
WCRETDEEZLND 2. — T, RTINS AR
T 57 BRI 0D T, SLIERERERBI O
RANT == VbR CODHREMED B 5. fhm RV NE
SRDIFETEABENE wp 1FELSARDHEICHY, b R HELD
FRAIIZ 5722 D5 (Fig. 3(b)) . — 57T, FIFREE DR
KB THY7235 Sample D D J578 Sample C £V pp 235 <72
STNWADOUE, BEEBENICZEY Ge/FER A HIT IR T 5
WELOFX e T G- MRSz lzd B 2 Hind 9.

ITO B EMA TR LT Sample D OWiE% TEM (ZL0E
£2L7-. Fig. 4@~ T 591, ITO/Ge/a-Si/TiN/SIO2 235725
TR LR C, B e n RILHUT RO 2h o7z, Fig
4b)ITTT Ge JERLFRITEFOREHEF TEM B30, £ To
VIRG, RS F NZITEHEL A7 B S & D128+ 712

Fig. 4 Cross-sectional characterization of Sample D. (a)
Elemental mapping obtained by EDX. (b) Dark-field TEM
image. (c) High-resolution TEM image at the interface between
the template and the overgrown Ge layer. (d) Selected-area
electron diffraction (SAED) pattern taken along the Ge (110)
zone axis. High-resolution lattice images at (e) the ITO/Ge

interface and (f) the Ge/a-Si interface.

IR —



Shintaro MAEDA, Takashi SUEMASU and Kaoru TOKO

KRERFERIR THHI LR TED. Eiz, THD SPC-Ge
JEL o BRI LR —a L AN TRLTERY, FEO
Ge J8% 7 7L —h e LB R 2 EHE I MRS T 7.

Fig. 4(c)RT Ge JB A TIE, Hair O Ry oG xR
MaldBlZEI i o7z, HiIlRE &7 FlHT (SAED) /34—
(Fig. 4(d)) TiX, Ge IZHRTDEITAR Y MBELIL, @V
MRS HEERE T, T4y fRHE TEM 14 (Fig. 4(e,) Th, ITO/Ge
RiEBL O SPC-Ge/a-Si F DOV IS B Kl 7.5
D oT=. a-Si FHUBIE T ot 2 %b I E A HE LT,

Fig. 5(2)IZ ITO 33X TiN ERIIZ 0.5 V DA T 2%
IMUTBR O W E AT MV A 7R, 1TO Al D%+
7 (BT) ZBO T I A AT AR L. ko
/NEUY Sample A O METH S Sample C TiE, D vV
TR EOR R CHEATD, HDHVITRBIN B A+
ThoHD, HBEITELR) T2, Sample B TIXF5\»
BENBISNTZD, A REDKBRRETH 2. — 7,
Sample D TIZHAMR 3 EEEART MUV ELZ. Zhud,
KBRS - o3 e - p BSFEIRFICEBLSN RS R CTh D,
FEHOOMBIRY, ZHET Ge BUTRIT DR IR E %
FEREL 7= WO TOHE THD. ORI 1800 nm LA
T, F72bb Ge DY D R HPH CHRLD
Eix, BifESh Ge IZBT2ATHE LB EAL TWD 232, 72
B, SHEEEASLT MU RBILIRENE, SLREL TRV
Xe TV T DRIARIIMVBLIW ITO BOEERFONEF
RO BN EE LTAE R R OLOTHY 2629, 51 FHHE
HOETEBICERNT L0 T RN EE 2 HNA. Fig. 5(b)
I% Sample D OFIINASAT ZAZEFALIZBEO 53 HRE THY,
HNERSAT AAFIINU 726 T 43 YR D3 s Sz
U, ITO/Ge FEICTERRKESN TN ENIZLDL D THS.
L7=h3o7C, ITO JBILE I EM CH D LR E kB s L
THEEREL, F T KGEMEEL /R LA REICL TV
5.

Fig. 6(a)lZ/~x 35912, RUAIRT (/v BT Sample D L[]
ORGEEZIER L. WA AR LA (Fig. 2(a)) &1F)
TR DORE SRR AL TS (Fig. 6(b)) . TDRER, A
W E Ge BEOLE LRI HIEE A RS- (Fig.
6(c)) . H7A LG RERBIOBE LIE LT, 43 LI DML
720 CNDDIE, FIVWTWDIER MR R 57-, Ge JEOHE
HEOBWIRRTHEE 2615 1019, ZHETICH, 7%
T NVER LA BU T A B O AR AN 53 R 13
<HAEESNTEY, flxiE PbS2)X° BiaTes®?, BixSes’", 777
= DREITBVTE W LR ER BT RENEHRINT
Wh. LdL, ZNBHD LT E LRy MR ST BN i sk
T OYPECIRAE L CRY, KBS ICR W TiEs
FTLOARE X v U7 R BN A B 72H O TR,
—7%, Ge X InGaAs CTIIARERILIERIUTIEESF XV T £
A HIRE T DT, TR EEFI T2 KEGEMAE L
THETHS. LHLARRE, 7Ld 7 VKR BIZER L
Ge X InGaAs |FHFEMLFEN O 2% 2 v/ Ll R e 4
Bt -5 4500 THY 339, a2 EM L KEELo
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Fig. 5 Photoresponsivity characterization. (a) Photoresponsivity
of Samples A—D measured under an applied bias of 0.5 V. (b)

Bias-voltage dependence of the photoresponsivity for Sample D.
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Fig. 6 Characteristics of Sample D synthesized on a plastic
substrate. (a) Schematic illustration. (b) Grain map obtained by
EBSD. (c) Photograph of the sample and its photoresponsivity,
including that of a conventional polycrystalline Ge film for

comparison.

WS L WS- E G T5. ZHITKL, KR TIEH TR
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Z25bDTHS.
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RO IR T5—T7, a-Si FHUBOE ALY Rmts At
RS EANIHIE I, R EAMREES -, SHIT, #
SPC-Ge [B%7 7L —he U EER R I LD, K& ARL
Bt EA FIRICEBLL, M L O ER IR
DFELWEENRLN. 5Dz Ge BUIm =LK
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