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Fig. 1. Schematic diagram of n-TOPCon device.
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RET, — BT R S AE “BhBEA A1 &, W
FEEUAPR AL, TE R T 1B 2R i R KOS 1 IR
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A (0) JCE, M T AhRE TER T 232 (0 e /N
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Hil e T2 h R Ry Hod R, S Eon Z WA ET
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SMRTER IR TH (0 OO0, P—P, O—P, O—Si
i) A, XEETREMY L BT BUEES X HAR A, sk
T T 22 5, WA AT RBAE = I N AR, X%
Z S REWE I poly-Si (n*) MITERE ™ 4 — R RIVEH,
T L0 P 25 AP 9 v A LG

XU, AR SCGE A TR B2 XS 2ot T

fiEii (X-ray photoelectron spectroscopy, XPS) il
EREAR S AHERE N F EBOR (high-resolution
transmission electron microscopy, HR-TEM) Hi
X-YEHT 8 (X-ray diffraction, XRD) 437 5%, B
G2 it ik VR P v VAR B W T R AR AN R IR R T
TP AR AL 22 A2, DL S 22 e v JEE PN R
Si—O 1 P—O #AEZ i i SR TE 1 #1) 2
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120 Pa, AHLEEE SRR 1:2.

SiH(N(CHz),)4 (s) + Oz (g)
— Si0, (s) + H — N(CH3), (g) - (1)

Hrr (s) AR, (g) REAE.

BEJS, 7@ A SiH,, PH, 1 N, F AR EAL
2F MU (low pressure chemical vapor deposi-
tion, LPCVD) A&, £ n-Si/Si0O, b i ¥l F =
JE W45 2 AR SRk (a-Si) 10 JEJE R 150 nm,
DUBVEREE A 380 °C, =Fh <44 SiH,, PH, Ml N,
Fefilhy 1:2:2.5. Jm, MEIRAA R n-Si/SiO,/poly-
Si (n*) F Ny 4B, 76 920 C Hi FiR K 45 min,
{d175 a-Si W5 poly-Si (nt) &5HRRA. AR
FAY SIS R DU ) AL, AR AR 158 mm
158 mm (M6), 76 AM 1.5G BIARME R BHG IS T
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i % N 40.97 mA /em?, BT K F N 83.65%,
SR HLFE A RCR N 24.43%; Hoh 2SR T IR H
FHZY 1715.8 Q, HRIBCHFHZY 0.57 mQ.
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HHE (BE) 7E 134.5 eV ik, W s BA A FEM
N aTEfE, BF\HACEA D R E—Fh, T
WA WD A5 SR TR Y A f b2 LS. (AU, T Si
2p B 125—145 eV X[ ATl A 45 5
WoOCH 4 I 2, i1 XPS-P 2p BHIAEIEZ 3] T
Si 2p A5 BT IR R, Jok e AT
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Fig. 2. The XPS spectra of P 2p, Si 2p and O 1s, which describes the changes of density with different depths at etching time of a
0's, b 500s, c 1500 s, d 2000 s, and e 2600 s. (a) XPS spectra of P 2p states and Si 2p for plasmon loss peak; (b) XPS spectra of Si
2p states; (¢) XPS spectra of O 1s states. In order to display the change of binding energy of each elements intuitively, the intens-
ity of spectrum curves in panel (a)—(c) are adjusted.
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Fig. 3. Fitting peak spectra of P 2p, Si 2p, O 1s state of etching time of 2000 s: (a) P 2p state; (b) Si 2p state; (¢) O 1s state.

P+ (Py0;). {H/E XPS-Si 2p AU T-HETSE HfEwk
PLA B = AT, BIARIECR E 3(b) H B Sil, Si2
1 Si3, 14 AR, 43BN Si—Si MR Si 2p*/2
F1Si 2p'/? [ E-FLIE 5 2L Si—O A, B
TR DEE A X 1 ) 485 45 B 4390l R 99.2 eV, 99.9 eV
F1100.5 eV, G IR 5 2 584708 0.72 eV,
0.72 eV 1 0.73 eV.

Poly-Si (n*) ¥WEH W4 (O) JLE, # XPS-O
s A WA R B 4 LA e s I 3, an &l 2(c) T
N, RWNZHEREE A SRR, X EOTERA T
JE A A FIAE S il 25 A B B LA X O 1s 51
FEHL TSR TIE-IESLA S, RIREIRAS T = A ks
WA, BIFRIEN: 01, 02 F1 03, W& 3(b) Fis.
BTN 45 A 882 5 531.2 eV, 532.1 eV F
533.7 eV, XJh O—0, O—Si Al O—P Az 2223,

A3 O 1s TR A i, &I
FRIEBCH B 1) YA Ar BT ARSI 2000 s
AF, R A5 R 22 d Rk R R 1T 24 120 nm 42
(bisE BT SR 240 0.06 nm/s), HEHEY 02 Fil 03
W LU T S, R RS PN (W] BTAEAE Si—O il P—
O M BB, Bl UL, IR B P A A ek AL
WAL, 2) 242103 2600 s I, X ARG &
FERE poly-Si (n*) MR ML) 156 nm Ab, LT3R
BIES BT UEA n-Si/Si0, I ER N, &
O s BABEE T O1F1 O2 Al A, k&
T O3 WA, FHMALNTR O—O F1 Si—O AL
A X EM L THEBLA EER).

3.2  Poly-Si (n*) HERIHI1E

n-Si/SiO,/poly Si (n*) FEHAY XRD 45,
i 4 Fos. 78 XRD g, 20 = 28.8°4b A —4
R AAT SR, HUKTE A7.7°F0 56.6°40 %5 i P48
AN AT B UG KUK poly-Si (n) #BEAY (111),

(220) A1 (311) FhradHEa) 249, i H (111) S i AT
WAE AR 3 7 AT A P A TR T P S g, AR T
2 A RE R N AR BRI AR KRR R, 28 Scherrer
TP AR %2 SRR TR DY kL) T R
A 43.6—55.0 nm, s B PG K 2 i 2
WAIRATL A R ) f R i L

poly-Si XRD
LPCVD

[ (1)

Intensity/arb. units

40 45 50 55

20/(%)

25 30 35 60

4 n-TOPCon #% {4 "' poly-Si (n*) ¥ i ) XRD i,
Horra, b 4351 Ay [ — A4 il 54 9 O 0 Ak 245

Fig. 4. Characterization of poly-Si (n*) film in n-TOPCon
device, and a, b are the two measurements for the same

sample, respectively.

ZfhhiE poly-Si (nt) WERAAREPHE Y R+ i B
HEF | f AL R TR A n-Si/Si0, /poly-Si (nt) 1
AR H Y Si0, JREE | A 454, H HR-TEM 1Y
P TR B AR A ARl 5(a) AT 5(b)
FIF 7S . 1% 25 St ek IR P (110) & T 422 14 1 () B A
0.313 nm, AFFESFAEUE T LPCVD i £ i 2
W, X2 AT (111) J5 T BRI ) A K REAE.
H TR A R A B v 7 AR R g hAR R4, 5
SRR T SRR ) 1 2E A | S AE DR A
N7 B R S R B, B A | S
A R A T Y S B, A A A 20 (.
PRI N, 2 SR S MRS A T, AR
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T AR R R B LA, ORI TR L
i ik PR A o RS ARE 2, A R T T AR Y L
., X A1jE TOPCon R E R Z—. K 5(b)
W8T n-Si/Si0,/poly-Si (n*) (I FH X, FE1EH
HEHAALLAE (S10,) MEhIEIX, SFIREEZN 1.34 nm,
- 5HJE n-Si Fl poly-Si (nt) B85 M & 20 i
FHIHEIRA.

n-Si

Mechanical strain B

10 pm

5 nm

5 (a) n-TOPCon ## 4" poly-Si (n*) 5 i AS [R] i T
Jr a5 I3 A8 5 (b) poly-Si (nt)/SiO,/n-Si F 1l 5 % 28 4
etk

Fig. 5. (a) Characterization of different crystal face orienta-
tions and mechanical strains in poly-Si (n*) film of n-TOP-
Con device; (b) poly-Si (n')/SiO,/n-Si interface and tunnel-

ing silicon oxide.

3.3 Poly-Si (n*) HEIRHIARNZSM

A b A R B Z) il XPS, HR-TEM,
XRD =#r#rrid, B8 T n-Si/SiO,/poly-Si (n*)
ZIZME R GAE BT A BB AR IR ko
Firp, EFH Si, O Ml P L EM ML H F R4,
AR A 2o 0 B A, 72 AR T 2 At TR P
1) Z R4 5y, B45 P—Si, PO, Si—O # &
HATREMIT A, N T iE—20 IR 22 R i
PRI FABE, 4007 P U R AR IR0 2 S ik v R v Y
A FAFAE T RENE, XHZRGEHT T e
A3, I 22 B EE M XPS b2 21 25 0 i 52
et A P T, MR8 Material Project Z(#&
P20 298 K(Z i) T SiP, SiO, SiO, #1 P,O;
A S HG?® L IREE Ce o IONAR S5°° R BURE 1Y)
HAARBHR I 1 3.

AN, AT EIRAE (T) TR BRSO A s
M A HAE G ATH (2) 20— (4) R B

T
HI = H?® + CpdT (2)
298
T
ST = 529 1 / (C,/T)dT , (3)
298
Gr =HI —TST . (4)

#1298 K(Fi) A, SiP, Si0, SiO, F1 P,O; #Y
P ERESEL (UG A OV ST I RE )

Table 1. Thermodynamic  function parameters
(formation enthalpy, heat capacity, reaction entropy
and formation energy) of SiP, SiO, SiO, and P,05 at

298 K (RT).
H298 Cp/ 5298 T RE
eV (JmolK™M)  (Jamol K1) Y
SiP -0.64 -5.65 33.35 -0.28
Si0  -8.19 -2.05 211.18 —4.11
Si0, -9.44 10.08 43.63 9.81
P,0; -31.20 -15.61 17.07 ~15.60

I, n-Si/Si0,/poly-Si (n*) MK R T N,
ST, 7E 920 °C (1193 K) iR FiE K 45 min, %
BT R B AT S EE Ik 2 gl H
v, 2 LR B A B ) AR AR AR H TS, AR ALK
Hw it . i RERY it A £ SRR,
R SR BUC AR Si—Si B B RE R T, R
BOiBAe (P, B ot B H. 535, R
BEIRT, Si0, Si0, fil P,O; WITE M AEXIE T SiP,
A48, SiP 7F 1193 K T A iiks H-53.05 eV,
HAWT A AE N 53.37 V. HIEAE 2 AR B
SiOy Fl1 PyOg 1 A WL F 35 A 7 A B BB 2K T
SiP, 1fif SiO AR B SHIE TR KALBRS , %2
REWIE IR, bR T RE MG £ T (P) 4F, B4
) Si, P R A v REA et Ak ek | ey, 5
3.1 T ISEIREE AT, (HF Si 2p A5 BT
PR W, AR IC I 2 AR P, Si
O =JeES AN S &N, ki i E 1k
Wy RN A AL LR G Ak 2E C LG T OEF P, Si A
O JTLR MY, skt E —ob ARG T
Z I, 2R Si0,-P,05 UK R G T

# 2 1193 K (920 °C) A, SiP, SiO, SiO, 1 P,O;
AT 22 RSB (A UK L A L SN ST ie)
Table 2. Thermodynamic  function  parameters

(formation enthalpy, heat capacity, reaction entropy
and Gibbs free energy) of SiP, SiO, SiO, and P,Oj at

1193 K.
HI193 Ch/ S1193 G193
eV (Jmol ™™ K™)  (J.mol LK 1) eV
SiP -53.05 -5.65 25.51 -53.37
Si0 -27.21 -2.05 208.34 -29.79
Si0y  -102.95 -10.08 29.65 -103.31
P,0O5; -176.01 -15.61 ~4.58 -175.95
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2, SiP,0; ZAE KT 1000 °C(1273 K) 17 IRE
K3 h LA b B A RRAE G . A SO R A O
T JE AH 7 19 38 IR R R [E] PR e e ) e TR
poly-Si (n*) #R P AEFEE Si—O M P—O #,
5 XPS Al 25 A — 3K

4 & i

I8 3 Al A5 T A TR BE 4 A A AT Y XPS
R, 856 Ar B2 )2 20005 2 %R0 TR EEZ
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SRS, SRR N A B AR G, il hE
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TR =AEEEHRE 129.4, 132.4 Fl 135.1 eV, 2051
SRy Si—P fl P—O*(AY) A, WH:fE L,
SHET P IoTR MG EBL (P) M EY.
O 1s &M =/ HL& M 454 fg 531.2, 532.1 Fl
535.1 eV BHIRFEAS LT, WafN TN Si—O
1 P—O fb2F 8 A7 7E, BLERIFRIN T n-Si/SiO,
S X, Si—O M O—O b2 A7 e 1 S5 52 [A)
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ALY Si 2p AT Si3 I E.

&8 XRD 1 HR-TEM /#1345, % £ Mk
WEEA (111) BRAREm, Sk RS2 43.6—
55.0 nm, NS KER M. & mIE%EAE 920 C
e i R b AR Ryl T 25T AR TN R N BRI
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SE 1) ST 25486 O, N2 5 e 5 AT L v AR
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ST S RN ik AR 0 T A AR 2 M.

L E R (298 K) FliE i (1193 K) F# g2
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BT LA, i poly-Si (n*) WM FRIEICER, 70
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Abstract

In tunneling oxide passivation contact (n-TOPCon) photovoltaic devices, poly-Si (nt) films with high-
concentration phosphorus doping are the key materials for electron selective passivation. Its optical and
electronic properties strongly depend on the chemical configuration and physical phase, and also on high
temperature annealing and structural relaxation in the recrystallization process. The poly-Si (n*) films grown on
Si0,/n-Si substrates by low pressure chemical vapor deposition technology are investigated, while the
microstructure of the film is studied by using X-ray photoelectron spectroscopy with depth etching, high-
resolution transmission electron microscopy and X-ray diffraction analysis. It is found that the binding energy
values of the two fitted peaks (02 and O3) of O 1s state of the thin film are situated at 532.1 and 533.7 eV,
corresponding to the bonding of O—Si and O—P, respectively. The binding energy values of the two fitted
peaks (P2 and P3) of P 2p state are located at 132.4 and 135.1 eV, corresponding to O—P* bonding with the
same origin. Electronic microscopy and light diffraction analyses show that the polycrystalline silicon film has
the characteristic of (111) preferential orientation, and the space of crystal plane is 0.313 nm, for which the
average grain size is in a range of about 43.6 -55.0 nm. However, the mechanical deformation and grain
boundaries are generated in the annealing process at 920 °C along (111) crystal cluster, resulting in the localized
monocrystalline state within large grains. The comprehensive analyses of thermodynamic function parameters of
formation enthalpy, reaction entropy, heat capacity, formation energy and Gibbs free energy and energy
minimum principle analysis indicate that there exist conditions for forming Si—O and P—O bonds in the
polysilicon film, and thus the bonding state of silicon and phosphorus oxides are formed.

Keywords: poly-Si (n*), phosphorous oxide, silicon oxide, photoelectron spectroscopy, depth profile analysis
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