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ABSTRACT: Beside several advantages, the PV power generation as a clean energy source, is still below the supply level due to high
power generation cost. Therefore, the interest in fabricating low-cost thin film solar cells is increasing continuously. Cu,O, a low cost
photovoltaic material, has a wide direct band gap of ~2.1 eV has along with the high theoretical energy conversion efficiency of about
20%. On the other hand, it has other benefits such as earth-abundance, low cost, non-toxic, high carrier mobility (100 cm?/Vs). In spite
of these various advantages, the efficiency of Cu,O based solar cells is still significantly lower than the theoretical limit as reported in
several literatures. One of the reasons behind the low efficiency of Cu,O solar cells can be the formation of CuO layer due to atmospheric
surface oxidation of Cu,O absorber layer. In this work, atomic layer deposition method was used to remove the CuO layer that formed
on Cu,0 surface. First, Cu,O absorber layer was deposited by electrodeposition. On top of it buffer (ZnO) and TCO (AZO) layers were
deposited by atomic layer deposition and rf-magnetron sputtering respectively. We fabricated the cells with a change in the deposition
temperature of buffer layer ranging between 80°C to 140°C. Finally, we compared the performance of fabricated solar cells, and studied
the influence of buffer layer deposition temperature on Cu,O based solar cells by J-V and XPS measurements.
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nomenclature CIGS :Cu(In,Ga)Se;
DEZ  : Diethylzinc
E, :band gap, eV XRD  : X-ray Diffraction
Tou. : substrate temperature, °C FE-SEM: Field Emission Scanning Electron Microscopy
Voc : open-circuit voltage, V TCO  : Transparent Conduction Oxide
Jsc 1 short-circuit current density, mA/cm? FF : Fill Factor
R, : series resistance, Q-cm’ XPS : X-ray Photoelectron Spectroscopy”

Ry : shunt resistance, Q-cm?>
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Fig. 1. Schematic representation of Cu,O thin film solar cell
structure
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Fig. 2. XRD patterns of Cu,O thin films deposited at different
applied current
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Table 1. Performance parameter of the Cu,O thin film solar
cells as a function of buffer layer deposition temperature

Taw. (°C) 80 100 120 140
Voc (mV) 372 390 270 159
Jsc (MA/cm?) 3.4 3.4 3.2 1.9
FF (%) 323 395 337 25.4
Eff. (%) 0.40 0.53 0.29 0.08
R. (-cm?) 76 48 57 %0
Ren (Q-cm?) 207 257 493 83

= AR Lo 120°C o)) o
785 w27 EA R 2% 7t uhet
ghQlgk 4= Qlt}. E3tFig, 69 EA|5}A]

Lol A vrebsith

-2 binding energy %

954 eV o u A=
A FA o] A= AUS
e 3 218
QQEo}Ols T3 WE Aol 4 531 eV ¥
Fig. 62] 140°C 2] A3o]| tfjs}o] 3| F7} 4

o o1 oV 71k o) B AL B4 glize] o= o] 77}
of sz mut o2k AA 2 W27} o) 5E 2L Blshe
webA ol 24 Ao] oA}R Qg Ak weisioi

o] AT} T3 100°C 0]5}2] W& 2=ofl | DEZ A4 =
Cu,0 Bfe} o] F4E Cu02} ¥Hg3lo] ZnOw A1),
CuO= Cu0 = EHIE]H A|7)2 4= Qli=v] o= DEZ H74) )
415} HEG0] CuO <> Cu,0 ¥H8-0] 712 e o 1| wick o 9
A5}7] wto] 1 S22 w7} 5715 ASIA| 2 AR-E HLO
7} gl Aot ke-g v 2 .07]7] whe] Cu07t 4
& otk I H,0,0] H]8l H,09] 45} o] o6}7] uf & o
H0,2 A§3t Z7kR T} 58 2ol Cu0 9] AAlstrt o]
LH= A0 2 Sl eP, weba] a.2o)4 F4H Cu07} &
oI S Aol 2] Aol A defect 2 28510 212 57
T} Voo 7| f4shal, 58 1 | sk 2o = st
A

(@) as-grown

1
*Cu

Intensity (a.u.)

[ o rawdata
fitted data
........ background

960 950 940 930
Binding Energy (eV)

Fig. 6. XPS analysis results of (a) as-grown Cu,O and (b)
CuO absorber layer surface with ZnO deposition

temperature

-~

3 - 80 °C_short time (30 min)

N’

= AL

=

g

2 80 °C_long time (240 min)

= AN

960 955 950 945 940 935 930 925
Binding Energy (eV)

Fig. 7. XPS analysis results of Cu,O absorber layer with
chamber holding time after ZnO process at 80°C



J.Y. Cho et al./ Current Photovoltaic Research 6(1) 21-26 (2018) 25

XPS £4] Atof A ZnOE3 nm WFE2HE]7]
SR E7 o] o] FoIA Y A 2 AFM T
2l 52250 mmel A Z4sio0] o] 31
olA] 71 54 A17k0] LA BT olo] 27440 2 Zn0 S 80°C
210114 3 nm F-2F5RaL 3w Yol A 4417 ZE A1 5 XPS
71 B3RS Fig. 791 HERH It Fig. 6(a) €]

as-grown Cu,0 2] 4] Ao} Fig. 72] 4w U tfj 7] A7+ 2}
o] FIL BAJTHXPS 232 S}ola) w44 o) 7] Aol of
o} 20| 2 Ho|X) &S Bala 4= ek 23 o] ATE Fo

Cu,0 F55 3F1 2| CuO P2 54 2=ont o) E3trh= A

oBL

rlo

Cu0 o} oo = chera 4 20%0] Sofs ol
B0 E6kL o8] W agvto] Harw 1 Q. o]
gt o]-f 5 Bht=E Cu0 S5 Al 5 7] Fof leZo| &
AL Cu,0 T2 31O CuO7} FAE = Aotk 28]= 9|
2s}7] Sl YA S2HHS 2817 Zn0 H
=2 8]—93\ ojuff =2} &= E 80°CHE 140°C7}A] H3}
Aol tiek AaE A8H T Cu0 B A9
225 7F100°CE ol 7HA A E A 5HE QL
© 2 XPS #4533l A2 573 A| DEZ&] 4t
CuO7} A A= A HF HyO7F Al A Ak} wt
717] W] -2 Lol A ThA] CuO7} &
A0 = wetstel E}- o]=Hy0 4H3HA|1 & AFS-
Feteof Bls 25 o w2
3t E44& Hol= 7&401‘34 T FSE S
JI2to] 7FssiAl & A& 7]‘3HQEP-
-5 LA A o A ES &
Zl PQT—}CUZ+ 3= FAAEA &
EH 9] CuO A

1 OIN’ \1
_Q,

oo
é" (o ol

ot

N
)
e
lo

N
M
rj!

-9,
ol

ox T

o Hi

N 2
frx =
o

o o
M 2
03

r>~l

A

>
o
ox

/\]7

FIF m

A&

o 317
ol Tre)

E°1

o2
% 3
o
= ¢
gl
H
e 2
(SR
i
ojN
m

1o
gY
L
i)
rr
i)
p

o
=
pau)
vl

fon
N

0| 2B2o2017THE A
SHrAA e ¢S
NRF-2015R1C1A1A02036616).

B (@s|eA R

wol SalEl 7]z

AR L
AR 21(No.

M0

235

[ =

1. M. Hosenuzzaman, N. A. Rahim, J. Selvaraj, M. Hasanuzzaman,
A.B.M. A. Malek, A. Nahar, “Global prospects, progress, pol-
icies, and environmental impact of solar photovoltaic power

10.

11.

12.

13.

generation”, Renew. Sustain. Energy Rev., Vol. 41, pp. 284-297,
2015.

. R. Banos, F. Manzano-Agugliaro, F. G. Montoya, C. Gil, A.

Alcayde, J. Gomez, “Optimization methods applied to renew-
able and sustainable energy: a review”, Renew. Sustain. Energy
Rev., Vol. 15, No. 4, pp. 1753-1766, 2011.

. Q. Guo, S.J. Kim, M. Kar, W. N. Sharfarman, R. W. Birkmire,

E. A. Stach, R. Agrawal, H. W. Hillhouse, “Development of
CulnSe; nanocrystal and nanoring inks for low-cost solar cells”,
Nano Lett., Vol. 8, No. 9, pp. 2982-2987, 2008.

. W. Wang, M. T. Winkler, O. Gunawan, T. Gokmen, T. K.

Todorov, Y. Zhu, D. B. Mitzi, “Device characteristics of CZTSSe
thin-film solar cells with 12.6% efficiency”, Adv. Energy Mater.,
Vol. 4, No. 7, p. 1301465, 2014.

. B. G. Mendis, M. C. J. Goodman, J. D. Major, A. A. Taylor, K.

Durose, D. P. Halliday, “The role of secondary phase precip-
itation on grain boundary electrical activity in Cu,ZnSnSy
(CZTS) photovoltaic absorber layer material”, J. Appl. Phys.,
Vol. 112, No. 12, p. 124508, 2012.

. T. Minami, Y. Nishi, T. Miyata, J. I. Nomoto, “High-efficiency

oxide solar cells with ZnO/ Cu,O heterojunction fabricated on
thermally oxidized Cu,O sheets”, Appl. Phys. Express, Vol. 4,
No. 6, p. 62301, 2011.

. A Mittiga, E. Salza, F. Sarto, M. Tucci, R. Vasanthi, “Heterojunction

solar cell with 2% efficiency based on a Cu,O substrate”, Appl.
Phys. Lett., Vol. 88, p. 163502, 2006.

. Y.S. Lee, J. Heo, S. C. Siah, J. P. Mailoa, R. E. Brandt, S. B.

Kim, R. G. Gordon, T. Buonassisi, “Ultrathin amorphous
zinc-tin-oxide buffer layer for enhancing heterojunction inter-
face quality in metal-oxide solar cells”
Vol. 6, No. 7, pp. 2112-2118, 2013.

, Energy Environ. Sci.,

. Y. Nishi, T. Miyata, T. Minami, “The impact of heterojunction

formation temperature on obtainable conversion efficiency in
n-ZnO/p-Cu,O solar cells”, Thin Solid Films, Vol. 528, pp.
72-76, 2013.

T. K. S. Wong, S. Zhuk, S. Masudy-Panah, G. K. Dalapati,
“Current status and future prospects of copper oxide hetero-
junction solar cells”, Materials (Basel)., Vol. 9, No. 4, p. 271,
2016.

Y. Ievskaya, R. L. Z. Hoye, A. Sadhanala, K. P. Musselman, J.
L. MacManus-Driscoll, “Fabrication of ZnO/Cu,O hetero-
junctions in atmospheric conditions: Improved interface qual-
ity and solar cell performance”, Sol. Energy Mater. Sol. Cells,
Vol. 135, pp. 43-48, 2015.

M. Tadatsugu, N. Yuki, M. Toshihiro, “Efficiency enhance-
ment using a Zn; -xGe,-O thin film as an n-type window layer in
Cu,0-based heterojunction solar cells”
Vol. 9, No. 5, p. 52301, 2016.

T. Minami, Y. Nishi, T. Miyata, “Heterojunction solar cell

, Appl. Phys. Express,

with 6% efficiency based on an n-type aluminum-gallium-oxide
thin film and p-type sodium-doped Cu,O sheet”, Appl. Phys.
Express, Vol. 8, No. 2, p. 22301, 2015.

. M. Abdelfatah, J. Ledig, A. El-Shaer, A. Wagner, V.



26

15.

16.

17.

J.Y.Cho et al. / Current Photovoltaic Research 6(1) 21-26 (2018)

Marin-Borras, A. Sharafeev, P. Lemmens, M. M. Mosaad, A.
Waag, A. Bakin, “Fabrication and characterization of low cost
Cu,0/Zn0O:Al solar cells for sustainable photovoltaics with
earth abundant materials”, Sol. Energy Mater. Sol. Cells, Vol.
145, pp. 454-461, 2016.

K. Mizuno, M. Izaki, K. Murase, T. Shinagawa, M. Chigane,
M. Inaba, A. Tasaka, Y. Awakura, “Structural and electrical
characterizations of electrodeposited p-Type semiconductor
Cu,O films”, J. Electrochem. Soc., Vol. 152, No. 4, pp.
C179-C182, 2005.

Y. S. Lee, D. Chua, R. E. Brandt, S. C. Siah, J. V. Li, J. P.
Mailoa, S. W. Lee, R. G. Gordon, T. Buonassisi, “ Atomic layer
deposited gallium oxide buffer layer enables 1.2 V open-circuit
voltage in cuprous oxide solar cells”, Adv. Mater., Vol. 26, No.
27, pp. 4704-4710, 2014.

S.W.Lee, Y.S. Lee, J. Heo, S. C. Siah, D. Chua, R. E. Brandt,
S. B. Kim, J. P. Mailoa, T. Buonassisi, R. G. Gordon,
“Improved Cu,O-based solar cells using atomic layer deposi-

18.

19.

20.

21.

tion to control the Cu oxidation state at the p-n junction”, Adv.
Energy Mater., Vol. 4, p. 1301916, 2014.

Y. Ievskaya, R. L. Z. Hoye, A. Sadhanala, K. P. Musselman, J.
L. MacManus-Driscoll, “Improved heterojunction quality in
Cu,O-based solar cells through the optimization of atmospheric
pressure spatial atomic layer deposited Zn;MgO”, J. Vis.
Exp., Vol. 113, p. 53501, 2016.

S. Bijani, L. Martinez, M. Gabas, E. A. Dalchiele, J.-R.
Ramos-Barrado, “Low-temperature electrodeposition of Cu,O
thin films : modulation of micro-nanostructure by modifying
the applied potential and electrolytic bath pH”, J. Phys. Chem.
C, Vol. 113, pp. 19482-19487, 2009.

T. K. Galeev, N. N. Bulgakov, G. A. Savelieva, N. M. Popova,
“Surface-properties of platinum and palladium”, React. Kinet.
Catal. Lett., Vol. 14, No. 1, pp. 61-65, 1980.

R. Munter, “Advanced oxidation processes - current status and
prospect”, Proc. Est. Acad. Sci. Chem., Vol. 50, No. 2, pp.
59-80, 2001.





