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Fig. 1. (color online) Schematic of CdS-CdTe FSC film an-
nealed with DC bias field.
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BN 40 nm. AL TAEHIE S HE (TEM) 4 R
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Fig. 2. (color online) Schematic diagram of CAFM.

3 X5t
3.1 HEEFHERST

K3 7~ A CdS-CdTe FSC i B % 1H &
Cu/Au X I CAFM 14 45 5, F & L
2 V DC bk, KT BT (B 9), Frbld
i TAELE IE 17 SR A5, BB 3 /40, 7E CdTe #
FrAE HLIRAE JLF 28 0, T 7E CdTe iR P 55 408 i 57
(0 X 35 (VS P 3 b R 2R 1 P ) LA L A
BK, 2981 nA, X EEAF 2 nA, U
CdTe iS4 F IR A HE, T X 3 2L F
15 CdTe i b 4 3, JEILAE CdTe b H 5 16 10 5t
O3, (A, Aok e 0 28 X3 (] 3
FIREZE 2 FTR) Xf BB AR AT . IX S R UL 7
CdS-CdTeFSC i1, CdTe iy FA1ZE S #RAS & 2
W@ IE, XA pn 25 5 B 4% 88 CdS/CdTe
oI5 Lt O e A e 0100 6 A5 B CdS /Cd Te Hith
1, CdTe (1 diy FHRIZR i A B 4 1Y) 5 HLEE.

N T BT CdS-CdTe FSC i fis i ) A
FHAE A, W E AT T 3.4 pm x 3.4 pm
(/N X 34 F, a0 B4 BTos, 78 CdTe i A A7 7

118101-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 11 (2016) 118101

BT 4K 2 0 B /N UK, 3K /N SR Kb H AR 20 A
—80 pA (HR¥E T 3Co#r, BN SRR, Nk
ﬁlﬁfﬁﬁﬁ’a@%iﬁ'% X5 BN AR B AN i
KPS Ul T, Nk 1 A AR X B B
UFI S HLPE.

PESIXTEG, FRATTXS R 2% A T il 4 [ 46 Cd Te
WA AT CAFM 3948, Wil 5 Bz, CdTe fn 74k
P YA A P S v T R P S, TR, 7 R R T R
H oy A1 o — /N, RS 240K T 1 pm, 3X 28/
UKL AN G L AR A SR BRATT ) LT SR R

200 T T T T T T T T
100
0 of
~ '
2 —100f !
0 s
S — + '
= 200 ::
—300 .
—400[ 1, 1 1 1 1 1
<
=]
~
+
=]
5]
3
5
[3)
=
[
<
O

d/pm

3 (M%) CdS-CdTe FSC MBER Cu/Au X CAFM £ R (a) B, (b) il

(EDX) 20T v] i1, 3% e /NORL A CdCly 3B K2 B
SINKHRA IO A5 Cd, Cl, Te, O L F G
. S ERR, X/ NEURL ) B AE oA [ e
) —80 pA, 75 B i HE i L /)N f) 6 i) LI N AN
& FLSEIA LT, T A AR G PR U LA

N T HE— B ik CdS-CdTe FSC # i b A &
HL /N SR B4 K 43 0 TR 5 406 Cd Te 18 B AS 5 Ha
By X ) 12 28 3E4T CAFM 49485, % CdS-CdTe
FSC 3 5 4l CdTe 38 5 43 i it in 77 10 46 % ¥ DC
ik, iR a6 FE 7 Frs.

1.9 nA

100

Height/nm
=

| |

v =
(=)
S o

=)
[=}
[=)

[+
[}
[=)

w

(=}

o
T

CAFM current/pA

o
T

d/pm

; (c) M2k

0 IO 4 3 T e PEE LA LR (L) R 2 o 7 ) 2 T o AL AT P AL
Fig. 3. (color online) (a) 2D height sensor image and (b) corresponding CAFM current image of CdS-CdTe
FSC film; (c) line scan of surface morphology and current distribution of the dashed line 1 in (a) and (b);

(d) line scan of surface morphology and current distribution of the dashed line 2 in (a) and (b). The dashed

line in (c¢)—(d) represents zero current.
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181.2 nm 562.5 pA
—249.9 nm —187.5 pA
(a)
0 Height sensor 3.4 pm 0 CAFM current 3.4 pm
17.9 mV

—17.6 mV —412.5 pA

4 (FMFIR) CdS-CdTe FSC /MK IR CAFM £ (a), (b) X bl R TSR ERHIE; (), (d) KRB
72 I L
Fig. 4. (color online) (a), (b) 2D height sensor image and corresponding CAFM current image of CdS-CdTe FSC

film with micro-region 1; (c), (d) 2D height sensor image and corresponding CAFM current image of CdS-CdTe
FSC film with micro-region 2.

299.6 nm 900.0 pA

—235.9 nm —262.5 pA

0 Height sensor 5.0 pm 0 CAFM current 5.0 pm

K5 (MTEE) 4i CdTe #IETS Cu/Au Xk CAFM 4 (a) RIETEHE; (b) RRE
Fig. 5. (color online) (a) 2D height sensor image and (b) corresponding CAFM current image of the CdTe film on
top of SnOg:F.
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Fig. 6. (color online) (a), (b) Surface morphology and CAFM measurement with +4 V DC voltage of the pure CdTe

thin film; (c) the linear scan of surface profile under +4 V and —4 V DC bias.
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Fig. 7. (color online) (a), (b) Surface morphology and CAFM measurement with +4 V DC voltage of the CdS FSC

film; (c) the linear scan of surface profile under +4 V and —4 V DC bias.
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FA 4y USL N = A & S I CdSy . Tey, B 42/
FURE, W B 8 .

&l 8 Fi 7~ A CdS-CdTe FSC i 5 i 1 TEM &,
1 & 8 (a) BT 1, CdTe &R P 3B AN i Ak #1853 A o
— 4 100—200 nm FI/NEURL. X F/NURE ) X 4
17T EDX 4, KOLERE A I T A B, TR T E

S-rich

CdS;_,Te,

S ¥ CdS1— Te, A4 UKL, T /N A1 [ K di R A2
& Te 1 CdS, Te;_, &4, WL 5 (a) FIE 5 (b) Hi
L FEL AT S PERE T S5 TR B, X HE R #E PDF
R, BEIES (1 CdS,_, Te, 4Bk N /N 7 #,
& Te i1 CdSy Tei_, & & @R AL AL 45 R AR
FEEFRAT T, A 7E CAFM B EE T, 57
WA G H BB R E A R ORLAR T RE SR S T A
S CdS; . Te, B4k, BT TEM Hil B R i,
AIJEMTILEE STEM 1 X3 R, ‘& S BURLLE Sk A
H oA 1 E B FE STEM AT B A B AR,
ER R SCUESE T & S UKL/ AT 7E &b 7L

[STEM HAADF Sk
-
Te-K SK

(b)

Te-riech

CdTe,S;—y

8 (FIFI#Ah) CdS-CdTe FSC # I TEM Wiliiafi  (a) Mo PR LG B4 34, (b) EDX SR

iy () B S TR Te JURL I 1 T-H7 6 Pl B

Fig. 8. (color online) (a) Cross-sectional HAADF image of a CdS-CdTe FSC device; (b) elements distribution
of Cd, S and Te acquired by fine probe EDX of the rectangular area in (a); (c) electron diffraction pattern

of the S-rich and Te-rich particle.

CdS-CdTe FSC i i AE IR KO #2 i k A4E T AH
S, PR T E SHICAS_, Te, & 4 /NBkL, X
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BRI X I, XA R IABAESE T FSC M TAE
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B T RAECMSCE: SR i s, AR EE
S AR A 5 A8 B B0 ) ST, AT T AR S
CdS/CdTe HLthH (1) FHTHT R A Il 8.

3.3 FBVE R

Ty Ak, R —HETA 9 0.07 cm? 1 s FEAT
KIS, KL 7 — S mr B 5. Bl A
HERS, A BRI FSC HIBAE R N2 6 4
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Fig. 9. The efficiency, Voc, fill factor and Jsc of the 20% FSC solar cell for six times according to JV

measurement in lab.
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Fig. 10. The best efficiency of the CdS-CdTe solar cell
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Abstract

In recent years, a variety of new-concept solar cells have attracted the attention of many scholars. The CdS-CdTe
ferroelectric-semiconductor coupled (FSC) solar cell is a novel concept of photovoltaic device that is designed with
ferroelectric nano particles of S-rich CdS;_,Te;, which are embedded in the light-absorbing semiconductors of Te-rich
CdS,Tei—y. In our previous work, we have developed a two-step process to fabricate a nano-dipole photovoltaic device,
including a thin film deposition in vacuum and high-temperature phase segregation at elevated temperature in sequence.
The X-ray diffraction (XRD) and high-resolution scanning transmission electric microscopy (STEM) results confirm the
formation of S-rich CdSi_,Te, particles with a wurtzite structure embedded in a Te-rich CdS,Te;_, film with a zinc
blend structure. The localized ferroelectric hysteretic behavior of these particles is confirmed through piezoelectric force
microscopy. Meanwhile, a set of CdS-CdTe FSC devices with a symmetrical structure of ITO/FSC/ITO is fabricated.
We observe not only a reasonable photovoltage output on the order of hundreds of mV but also the hysteretic behavior
of photovoltage through external electric field post-fabrication.

To search for direct evidence of the working mechanism of the FSC solar cell, we further study the film surface
micro current distribution of the FSC thin film solar cell. In this work, we adopt the CAFM method to acquire electron
distribution of the FSC thin film surface and STEM, the electron diffraction for element distribution, and crystal structure
of FSC thin film. Also, Schottky solar cell of FTO/pure CdTe/metal structure which is fabricated by the same process
as the FSC solar cell is used as reference sample in the CAFM analysis.

In this work, we fabricate the CdS-CdTe FSC film solar cell through a radio-frequency magnetron sputtering method,
whose structure is a glass/FTO/CdSTe/back contact (Cu/Au) configuration. In order to enhance the polarization of
nano dipole particles in the device, an electric field bias across the FSC film is applied in the high-temperature phase
segregation process. Micro-current distribution in CdS-CdTe FSC solar cell is investigated by CAFM. Grain boundaries
of the FSC film are found to be non-conductive with high current corridors adjacent to them. And some small particles
with diameter about 100 nm are embedded in grain boundaries (GBs) of CdTe grains. By applying positive and opposite
voltage separately between measurement tip and TCO of sample, we find that the non-conductive GBs have a strong
piezoelectric response, which are most likely S-rich CdS;_,Te, in wurtzite structure. By contrast with pure CdTe film,
the possibility that the non-conductive particles are CdCls residuals is excluded. We also find by STEM that many
particles with sizes about 100-200 nm are embedded in FSC thin film, mostly at the GBs. The XRD results confirm that
the small particles are S-rich CdS;_,Te, particles with a wurtzite structure and the big grains are Te-rich CdS,Te;_,
with a zinc blend structure. We could conclude reasonably that the small particles observed in CAFM image probably

are S-rich CdS;_,Te, The apparent correlation between the carrier transport channel and nano-dipole material is also
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established. An interesting discovery from such devices is that such cells exhibit performance improvement over time in
months after storage with encapsulation in ambient environment. A linear relationship between Vi and the external field
strength is observed and the best conversion efficiency is improved from 11.3% to 13.2% further after 6-month storage.

We believe that all these microscopic and macroscopic evidences are consistent with the FSC photovoltaic mechanism.

Keywords: ferroelectric-semiconductor coupled device, conductive atomic force microscope, transmission

electron microscope, solar cell
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