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Figure 1 FESEM images showing the Cu,O thin films obtained at
different substrate negative bias voltages. (a) 0 V; (b) =50 V; (c), (f)
—100 V; (d) =150 V; (e) —200 V
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Figure 2 (Color online) (a) GIXRD patterns of the Cu,O thin films; (b)

diffraction peak intensities and grain sizes of Cu,O (111) against the
substrate negative bias voltages
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Figure 3 (Color online) (Ahv)*-hv curves of the Cu,O thin films ob-
tained at different substrate negative bias voltage and their band gaps



SERRREIE, IR A R e o A A T8 A4 R I Al 2 AN [
H, TR, W 5T A0 RS ROt
AR, NI ER T, EaR IR 4 e vl LB
i, A B SZ i AL R ST A

2.4 AL

i3 R AT, FRATT & B N AS 18] 4 RS £ A
J5, P Cu,OM M TE S | 454 R 2E M g ok 2 ok b
R T A, — e, AATFERFSE A} IS il T fi
PRI S DOBOE R A VB FA ML, T 22 25 58 A% J2 Wik S
Ar i F7E 5 T R 7 0 22 5 | %o AR 42 o R
TSV T, B O e e /NBE - A 7 £ 0l e L )
FA 0 T % i E AR DR R SR B, e AT T S A Y
AE T AN AN 2 AR B B E A IS R T HEA T
TR T A AE R, DTV RSSO M e, SRS 4T i
KB T AT, MR s, ORI B T
PEFT; 10524 i P2k KR, i s A S 3o o 1) Ar s 7 4%
R RE AR, 28 O VTR B4 I b B0 3 5 b1
PR 43 28 50 A S, AT 5 S50 9 B 2% v 17 AL
o BT, ] Ao RS b Ry W S T P A
F. B8R, 13 Ar B 1 % o FREI SR AL
SRAE AR SCRIIE O, XN, Ars F XA Y
2 il FCFI A FF S 22 A A ST A s T
P, T A SO FH A S ST 07 4 I S 0 o = AT
T AR e S, P A I S T RE A R LR
SELWOR AR SR BT, BRIV L I R R, ArES
T 2 ) R R AR P AR A BT, AR
A ArE FREUS 0 WL 4 1 R4, 38 2 B3 Ak i A iR
(AR SCHE A B R AR 2SR 15 cm) 30 1F 75 TR 4 3
R AT 25 o o I A, 5540, A LAY FESEM BE A
AT LU i A5 /I Bl 98 5 9 1 52 0 o 45 b 2 L 2
F, JF A R A T 00 35 o 1 5 B0 RS 1) 3505
JEE Bt g S 348 R 5 T ek 98, g e K B 0
TET AT SR AR RS A A X S 8, o VAT s 0 0 St
LA 2 T RLURE T B G 3 DA 1T 3F — 25 U T RSP
A7 R 7 e SR AL 5 AS 3 P AR SOV A A 0 S 3

FATEE, FEAMINERRIERT, SRk a kg
FLER I, SRR [ R R T R . 2R AL
Mo, SRR A R WSS RSN L Y
PR OB 47 BB A . B4 S B AR 3 A0 2
WrE B, — b, 7R R 3R AR Yy S A Y
JRuihl, FLTRR A S A R, RN I R A B sk

. MR — M s, EETURR S
AR s A RIS i A e L RN, DA T R R T
H R A ) SRR LA R T O RUBE T Y 9 2 T
Je M1, AR A H RO, 33X 282 F, e RE
IR A A B R T A v Ak UKL T, DA T
1Y HL 3 ] LA AR 2 — AN A a5 A L 3 1 3
X RPN BE T B4 2 0 £ H 30 G K 1 I 2 v T 17
A OB B, O ik A e [RD A B AR S )
PR R 1) e AT S RN 2548

mE 4w, fFERIRABRABSHERT, A
S oK 19 Cu i F G 43 Cu it 7 B iR I 5 A & AR 4
)L Cu, 0% FHZ Bk A WA MIEM T —i2
4 )@ CulfiF o2 SR Cu, 090 1 & A e Ak 3 B IE 7
Ff O B — i BB 3, N 32 B R
Yoy fo s 2 S | s AR LI 1), — &
S e Il L6175 E S | ESO TS| NS e W
L7 1Y Cu 5t 7 B Cu O3 ¥ 52 2] Ji] 1] [] i £ H i H
e . REEE I OLE D). X TRrE, s
e 5 A 3 R () Cui T 5L Cu, O 43 F- 16 Ry b3
PR DU [, KR an e #ish  Zhae, M
17 A 2 Cu i 5% Cu, O 43 F 75 W AR 22 181 #E 47 5 78 4311
PR R X TR, TR A e 3 0 R A A T
W BHL % Cu i F 5L Cu, O 43 FFEAN [F) A ity =2 [ i 3 i %
HEATY L, . AR I, Run sk BRI
FE T MR At B DU B v, A 4(0) R, B
W 5 S BBV A IS 1 R T ) SR AR AR A, T A A D
DR RBER A IK ) N R W E A Cu,0 (1TDHEAL
B, BORSERLE T AT B0VE SO R E P G
(W, BLE T SR FERE MR BN B, Hl
il 00 23 A A AR G M TR ) S BRAE K AR 2, MG AE
S T g H B AT DR R e 2T S0 R 45 4 1) TR 2 A
FRANTE]: (1) 4V=0 Vi, T 3A R ER, Cu

E/;/Polarized
Y v v oYvy Cu/Cu,0

| Glass slide =

@ (b)

Bl 4 (4 RUR () B £ B ORI A KOR BEEL () JsidlEr
BRE; (b) HEARAZ
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(b) columnar growth
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As one of the most common two kinds of copper oxides, cuprous oxide (Cu,O) is an important p-type transition metal oxide
semiconductor material. Due to the advantages of low-cost, non-toxicity and abundant copper sources and the potential
applications in the fields of gas sensors, solar cells and photocatalysts, thin films of Cu,O have attracted great interest of
researchers. To enhance the performances of the above Cu,0O-based surface-sensitive devices and materials, the researchers tend
to prepare Cu,O thin films of porous or even nanoporous structures. However, there is still no effective method available for the
controllable fabrication of Cu,O porous nanostructured films (or porous nanostructure-films, short for PNFs), which owns not
only the common features of porous thin films but also the unique properties of nanosize building units. By using a radio-
frequency balanced magnetron sputtering (MS) deposition system, in this paper, Cu,0 PNFs were prepared on clean glass slides
by applying different negative bias voltage during film deposition. After the preparation, a field-emission scanning electron
microscope (FESEM), a grazing-incidence X-ray diffractometer (GIXRD) and an ultraviolet-visible (UV-Vis) spectrophotometer
were applied subsequently for the detailed characterizations of surface morphology, texture and optical property respectively. It
was observed that the as-prepared Cu,0O PNFs exhibited flexible porosities and nanosize building units, which were greatly
dependent on the substrate negative bias voltage. In particular, when the substrate bias voltage was kept at =50 or —150 V, the
as-prepared Cu,O PNFs both demonstrated intriguing triangular pyramid-like nanostructures with distinct edges and corners on
the porous film surface. Further, the side view FESEM images and the out-of-plane GIXRD spectra demonstrated a columnar
growth of the Cu,O PNFs with a notable preferential orientation of (111). The optical testing results showed that the band gap
of the Cu,O PNFs obtained at different negative bias voltages was tunable between 2.0 and 2.35 eV, which demonstrated a little
red or blue shift relative to that of bulk Cu,O (2.17 eV). It is expected that the traditional ion bombardment and re-sputtering
theories are not suitable for the explanation of the above bias voltage effects. This is because the traditional ion bombardment
and re-sputtering theories were proposed to account for the bias deposition in an unbalanced magnetron sputtering (MS) system
rather than the present balanced MS system. Further, the experimentally observed non-linearly changed density or porosity of
the Cu,O PNFs with the bias voltage at relatively low values and the common even surface at relatively high values confirmed
this viewpoint. Based on the above findings and analysis, a selectively preferential deposition of material atoms or molecules on
the film surface during the negative bias deposition was proposed. That is, when the substrate is negatively biased, the tip-
charging effect of electrons would occur on the nanoscale rough surface of the substrate or the depositing film. The resulting
electric field near the substrate or film surface is non-uniform and could be regarded as an assembly of many electric fields of
particle or tip charges. As a consequence, the sputtered atoms or molecules would be acted by two kinds of Coulomb forces:
one is the attractive force originating from the electric fields of the closest particles or tips when traveling near the substrate,
and the other is the repulsive force coming from the surrounding particles or tips with the same kind of charges after depositing
on one particle or tip. For the former force, it would lead to a preferential deposition of sputtered atoms or molecules on the
particles or tips and meanwhile provide an additional kinetic energy for the deposited atoms or molecules to migrate or diffuse
around; for the later force, the constraint effect of the surrounding electric fields of particle or tip charges would hinder the
migration or diffusion of deposited atoms or molecules on the film surface. It is thus expected that the tip charging effect would
lead to a columnar growth of films, and the contradictory of the above two forces would influence or even determine the final
surface morphology of films which depends on the value of substrate bias voltage.
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