
QUARTERLY
ISSN 1232-9312 1/2018(108)

Journal of Machine
C o n s t r u c t i o n 
and Maintenance

p. 7–15

Vijay Bhooshan KUMAR
Institute of Nanotechnology and Advanced Materials, Department of Chemistry, Bar-Ilan University, Ramat-Gan, Israel

Zeev PORAT
Division of Chemistry, Nuclear Research Center-Negev, Be’er-Sheva, Israel

Aharon GEDANKEN  
Institute of Nanotechnology and Advanced Materials, Department of Chemistry, Bar-Ilan University, Ramat-Gan, Israel
gedanken@mail.biu.ac.il; vijaybhushan86@gmail.com

IMPROVED  PhOTOVOlTAIC  PROPERTIES  OF  A  BACK-CONTACT  ElECTRODE 
PRODUCED  By  COPPER  DEPOSITION  ON  CARBON-DOTS/CARBON  PAPER 

Key words: back contact; carbon-dots, carbon-paper, electrodeposition of copper.

Abstract: The implementation of carbon dots in electronic devices are among the hot topics in today’s research. The current 
work describes the fabrication of a new back contact electrode for solar cells with the modification of carbon paper by the uniform 
deposition of highly crystalline carbon dots (CD). The ~5nm size CD were synthesized by the sonication of polyethylene glycol 
(PEG-400), which was further deposited on carbon paper. Copper was successfully electrodeposited onto the modified C-dots 
carbon-paper (C-paper@CD) through a potentiostatic procedure. The SEM and XRD results show that the electrodeposition 
of copper on CD-modified carbon paper is denser than pristine carbon-paper. A detailed study of CD@C-paper and Cu/Cu2O-
CD@C-paper was performed using the XRD, SEM, Raman, EDS, Elemental mapping, KPFM (Kelvin Probe Force Microscope), 
etc. The as-prepared electrode comprising of a C-paper modified with CD was tested in solar cells as a back contact, and it 
demonstrated superior high photo-voltage, significantly useful for photovoltaic implications.

Ulepszone właściwości fotowoltaiczne dolnej warstwy kontaktowej wytwarzanej metodą depozycji 
miedzi na skojarzeniu kropki węglowe/papier węglowy 

Słowa kluczowe: elektroda dolna, kropki węglowe, papier węglowy, elektrodepozycja miedzi.

Streszczenie: Implementacja kropek węglowych w zastosowaniach elektronicznych to obecnie jeden z najszybciej rozwijają-
cych się kierunków współczesnej nauki. W artykule opisano nową metodę wytwarzania dolnej warstwy kontaktowej (elektrody 
dolnej) w ogniwach fotowoltaicznych techniką równomiernej depozycji wysoce krystalicznych kropek węglowych (CD). CD 
wielkości ~5 nm generowano poprzez sonikację glikolu polietylenowego (PEG-400), który deponowano na papierze węglowym. 
Na tak zmodyfikowanym papierze (C-paper@CD) miedź osadzano metodą potencjostatycznej elektrodepozycji. Wyniki analiz 
SEM oraz XRD wskazują, że zastosowana technologia sprzyja powstawaniu bardziej zwartych warstw przewodzących w po-
równaniu z niemodyfikowanym papierem węglowym. Szczegółowe badania CD@C-paper oraz skojarzenia Cu/Cu2O-CD@C-
-paper przeprowadzono z wykorzystaniem technik XRD, SEM, spektroskopii Ramana, EDS, mapowania elementarnego, KPFM 
(mikroskopia sił z sondą Kelvina) i innych. Wytworzone elektrody były także testowane w ogniwach słonecznych w roli dolnej 
warstwy kontaktowej i wykazały wybitne właściwości szczególnie pożądane w zastosowaniach fotowoltaicznych. 
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Introduction

During	 the	 past	 three	 decades,	 carbon	 materials	
have	been	investigated	as	an	extremely	versatile	product	
that	 exists	 in	 numerous	 forms	 with	 diverse	 chemical,	
electrical,	 physical,	 and	 electrochemical	 properties	 

[1,	 2].	 Nanometric	 carbon	 materials	 have	 recently	
emerged as a unique class of optical nanomaterials 
targeting	 both	 biomedical	 and	 energy	 conversion	
applications	[3–7].	As	newly	emergent	carbon	materials,	
carbon	 dots	 (C-dots)	 have	 attracted	 considerable	
research interest due	to	their	superior	optical	properties,	
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excellent	 biocompatibility,	 small	 size,	 and	 low	cost	 of	
production	[8–12].	These	fascinating	physical	properties	
are responsible for a wide range of the potential 
applications	 of	 C-dots	 [4,	 11–14],	 such	 as	 solar	 cells	
[15],	nanoelectronic	devices	[8],	photodynamic	therapy	
[16,	17],	gene	delivery	[18],	and	as	photocatalysts	[19].

Generally,	 copper	 is	 used	 as	 an	 electrode	 in	
many	 electronic	 devices,	 because	 of	 its	 stability	 and	
conductivity	 [20].	 CuO	 is	 also	 used	 as	 an	 interlayer	
in	 many	 electrochemical	 devices	 [21].	 Cuprous	 oxide	
(Cu2O)	 is	 a	 p-type	 semiconductor	 that	 has	 attracted	
increasing	 attention	 in	 recent	 years	 as	 an	 active	
component	 in	 solar	 cells	 and	 photodiodes,	 due	 to	 its	
narrow	band	gap	(2.0–2.2	eV),	high	absorption	efficiency	
over	 the	wavelength	 range	 of	 the	 solar	 spectrum,	 low	
preparation	 cost,	 and	 non-toxicity	 [22–24].	 Cuprous	
oxide	 has	 been	 synthesized	 by	 several	 methods,	
including	thermal	oxidation,	anodic	oxidation,	chemical	
reduction	of	copper	salt	(such	as	Cu(OH)2,	CuSO4 and 
CuAc2),	 sol–gel	 chemistry,	 and	 a	 variety	 of	 gas-phase	
deposition	techniques.

The current research is employing the sonochemical 
deposition	method	for	coating	carbon	paper	with	C-dots.	
The sonochemical coating technique was used for the 
depositing	a	 large	variety	of	nanoparticles	on	 surfaces	
such	as	ceramics,	polymeric,	metallic,	glasses,	textiles,	
and	paper.	Recently,	we	have	described	a	simple	method	
for producing C-dots by the prolonged sonication of 
polyethylene	glycol	(PEG)	400	[25].	

The	 hybrid	 perovskite	 CH3NH3PbI3 is among 
the	 leading	 photovoltaic	 materials	 that	 have	 been	
extensively	 studied	 in	 the	 last	 few	years	 [26–28].	The	
implication	 of	 CH3NH3PbI3	 perovskite	 materials	 have	
recently emerged as arguably the most promising of 
all	 next	 generation	 thin	 film	 solar	 cell	 technologies.	
CH3NH3PbI3	organic	inorganic	hybrid	perovskites	can	be	
processed	in	solution	or	evaporated	at	low	temperatures	
to	form	simple	thin-film	photojunctions,	thus	delivering	
the	 potential	 for	 the	 holy	 grail	 of	 high	 efficiency,	 low	
embedded	 energy,	 and	 low	 cost	 photovoltaics	 that	
are	 in	 progress	 [29–31].	 Among	 flexible	 electronic	
devices,	the	design	of	a	conductive	flexible	electrode	is	
challenging,	because	it	includes	both	a	flexible	front	and	
back	electrode.	The	optical	and	electronic	properties	of	
the	flexible	film	can	be	 tuned	by	doping	 the	 electrode	
material	with	other	elements	[32].

In	 this	 study,	 economically	 viable,	 the	 facile	
sonochemical	 synthesis	 method	 [24]	 is	 employed	 for	
the in situ formation of C-dots from polyethylene glycol 
(PEG).	Subsequent	to	their	formation,	the	sonochemical	
coating method was adapted for coating the C-paper 
with C-dots and Cu2O/Cu.	 The	 synthesis	 of	 C-dots	
does	 not	 require	 a	 strong	 acid,	 base,	 volatile	 organic	
solvent,	 or	 other	 post-synthetic	 surface	 passivation.	
Our	 procedure	 includes	 a	 preliminary	 step	 in	 which	
the	carbon	paper	is	first	modified	with	C-dots	(CD@C- 
-paper).	On	the	coated	carbon	paper,	a	layer	of	copper	is	

electrodeposited.	The	presence	of	the	carbon	dots	helped	
in	the	electrodeposition	process.	The	main	goal	of	 this	
study is to design a back contact electrode for solar cells 
as	well	as	for	flexible	electronic	devices.		We	have	tested	
the	 performance	 of	 /CD@C-paper	 electrode	 material	
in	 solar	 cells	 as	 a	 back	 contact,	 and	 it	was	 found	 that	
the	work	function	of	 the	CD@C-paper	 is	higher	when	
compared	with	pristine	C-paper,	demonstrating	superior	
photo	voltage	in	the	solar	cell	device.	

1. Experimental 

1.1. Chemicals

Polyethylene	 glycol	 (99.998%),	 H2SO4,	
CuSO4

.5H2O,	and	Cu(COOCH3)2 were purchased from 
Sigma-Aldrich	and	used	as	received.	The	carbon	paper	
was	purchased	from	FuellCellsEtc	(USA).

1.2. Experimental procedure

CD	were	prepared	as	follows:	20	mL	of	polyethylene	
glycol	(PEG-400)	were	transferred	into	a	test	tube	which	
was	dipped	in	a	water	bath	at	75°C	as	described	in	our	
previous	 work	 [25,	 37].	 Ultrasonic	 irradiation	 was	
applied	for	2.5	h	using	an	ultrasonic	transducer	(Sonics	
and	 Materials	 Inc.,	 USA,	 model	 VCX	 750,	 20	 kHz,	 
230	V	AC)	at	70%	amplitude.	Upon	sonication,	C-dots	
were obtained as a suspension in PEG that was cooled 
down	 to	 room	 temperature.	 Then	 a	 piece	 of	 C-paper	
(1x1cm)	was	inserted	into	the	suspension	of	the	C-dots	in	
PEG-400,	and	the	sonication	was	continued	for	4	hours	
at	lower	amplitude	(25%)	in	an	ice	bath.		The	as-prepared	
carbon	 paper	 modified	 with	 C-dots	 (CD@C-paper)	
was	washed	with	 ethanol	 and	water	 to	 remove	 excess	 
PEG-400	 and	 dried	 in	 a	 vacuum.	 Electrodeposition	
of Cu2O/Cu	 onto	 the	 CD@C-paper	 was	 done from 
a	 solution	 that	 contained	 249	 g/L	 copper	 sulphate	
(CuSO4

.5H2O),	70	g/L	H2SO4,	and	102	g/L	CuAc2.	
Electrochemical measurements: The current 

density–voltage	 curves	were	measured	 in	 a	 perovskite	
solar	cells	with	a	configuration	of	FTO/TiO2	blocking	layer/
mesoporous	TiO2/CH3NH3PbI2-xClx/Spiro-Ome			AD/Back	
electrode.	A	 piece	 of	 a	 CD@C-paper	 with	 a	 layer	 of	
electrodeposited	Cu/Cu2O	was	used	as	a	back	electrode.	
In	order	to	simulate	a	full	solar	cell,	we	placed	this	carbon	
paper	electrode	on	Spiro	OMeTAD	(2,2’,7,7’-Tetrakis-
(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene)	
and	 pressed	 with	 contact	 during	 current-voltage	
measurements	in	order	to	avoid	loose	contact.

1.3. Analytical equipment

The	 fluorescence	 of	 the	C-dots	was	measured	 by	
a	Varian	Cary	Eclipse	fluorescence	 spectrophotometer.	
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A high resolution transmission electron microscopy 
(HRTEM)	 study	 was	 carried	 out	 using	 a	 JEOL	 2100	
microscope	 operated	 at	 200	 kV.	 A	 high	 resolution	
scanning	 electron	microscope	 (HRSEM)	 imaging	was	
done	with	a	FEI	Megallon	400L	microscope,	operated	at	
20	kV.	Elemental	analysis	and	elemental	mapping	were	
performed	 using	 HRSEM	 Energy	 Dispersive	 X-ray	
Spectroscopy	 (EDS).	 The	 Raman	 spectra	 of	 C-paper	
and	CD@C-paper	were	recorded	by	a	Renishaw	inVia	
Raman	microscope	 equipped	 with	 RL785	 and	 RL830	
Class	 3B	 wavelength-stabilized	 diode	 lasers	 and	
a	Leica	DM2500	M	(Leica	Microsystems)	microscope.	
Kelvin	 probe	 force	 (KPFM) imaging:	 Potential	 QNM	
(PeakForceTM	Quantitative	potential	mapping)	was	done	
by	 using	 a	 Bio	 FastScan	 Scanning	 Probe	Microscope	
(Bruker	 corp.,	 USA).	 FastScan-C	 cantilevers	 (Bruker)	
with	spring	constants	0.45	N/m	were	used.

1.4. The Work function measurement

The	KPFM	measures	contact	potential	differences	
(CPD)	between	a	conducting	AFM	tip	and	a	sample.	The	
CPD		between	the	tip	and	a	sample	is	defined	as	follows:		

  

Whereas	φsample	 and	φtip are the work functions of 
the	sample	and	tip,	and	e	is	the	electronic	charge.	When	

an	AFM	tip	 is	brought	close	 to	 the	sample	surface,	an	
electrical force is generated between the tip and the 
sample	 surface,	 due	 to	 the	 differences	 in	 their	 Fermi	
energy	levels.

2. Results and discussions

2.1. Synthesis of C-dots (CD) and their 
deposition on carbon paper by the 
sonochemical method 

C-dots were formed  by the sonication of PEG- 
-400	for	2.5	h.	at	75°C	and	70%	sonication	amplitude,	
as	 reported	 in	 our	 previous	 works	 [25,	 37].	 The	
fluorescence	 emitted	 from	 the	 C-dots	 formed	 in	 the	
supernatant solution was recorded at different excitation 
wavelengths	(330,	350,	370,	390,	410,	430,	and	450	nm).	
The	emission	curves	are	presented	in	Fig.	1a,	showing	
the	strongest	emission	intensity	for	excitation	at	370	nm.	

HRTEM	 image	 (Fig.	 1b)	 shows	 that	 the	 typical	
size	of	the	C-dots	is	ca.	3–8	nm	and,	the	crystal	lattice	
of	the	C-dots	can	be	observed	with	d-spacing	estimated	
as	0.21	nm.	The	size	distribution	of	C-dots	was	plotted	
for	a	population	of	about	200	particles,	which	yielded	
a	 narrow	 size	 distribution	 curve	 that	 peaked	 at	 5	 nm	
(Fig.	 1c).	 A	 SEM	 image	 of	 a	 section	 of	 untreated	
C-paper	is	represented	in	Fig.	1d,	showing	a	disordered	
network	of	carbon	fibres.	

Fig. 1.  a) Fluorescence spectra of C-dots for various excitation wavelengths, b) HRTEM image of the C-dots, c) Size-
distribution curve of C-dots, d) HRSEM image of pristine carbon-paper
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The	 C-dots	 modified	 carbon	 paper	 was	 analysed	
by	 Raman	 spectroscopy	 and	 compared	 to	 pristine	
carbon	paper.	In	general,	the	spectra	(Fig.	2)	are	similar	
to	 those	 of	 graphite,	 demonstrating	 two	 main	 signals	
at	1582	cm-1	 (G-band)	and	at	2707	cm-1.	The	signal	at	 
1354	 cm-1	 (D-band)	 is	 rather	 diminished	 for	 pristine	
C-paper but is considerably intense for the C-paper 
coated	with	C-dots.	The	band	at	1354	cm-1	reflects	 the	
properties	of	carbon	dots.	Moreover,	the	small	signal	at	
2942	cm-1	in	the	spectrum	of	the	C-dots	modified	carbon	
paper	 is	 appearing	 due	 to	modification	 of	 C-paper	 by	
C-dots.	The	Raman	band	at	2942	cm-1  that is detected 
only	 in	 the	 CD@C-paper	 originates	 from	 a	 double	
resonance process that links phonons to the electronic 
band	structure,	[38,	39]	and	it	confirms	the	presence	of	
D+G	bands	of	graphene	or,	in	other	words,	the	presence	
of	C-dots	on	the	C-paper.	

Fig. 2. Raman spectra of C-paper alone (red line) and 
CD@C-paper (black line)  

2.2. Electrodeposition of copper on carbon paper 

Electrodeposition	of	copper	on	1×1	cm2 pieces of 
carbon paper was performed according to the procedure 
described	in	the	experimental	section	using	1M	aqueous	
solutions	 of	 either	 CuSO4	 or	Cu(CH3CO2)2.	The	 same	
results	were	 obtained	 for	 both	 copper	 salts.	The	 dried	
samples	were	examined	by	X-ray	diffraction	and	showed	
similar diffraction patterns for the products obtained from 
either	salt	 solution.	The	diffractograms	for	 the	pristine	 
C-paper	 and	 CD@C-paper	 samples,	 before	 and	 after	
copper	 deposition,	 are	 presented	 in	 Fig.	 3.	 Before	
deposition,	only	the	major	phase	of	graphite	is	observed	
at	2θ=26°,	together	with	a	tiny	signal	at	2θ=54°, which 
is	 also	 due	 to	 the	 graphitic	 nature	 of	 carbon.	 After	
deposition	of	the	copper,	the	diffraction	pattern	includes	
four	 more	 diffraction	 peaks;	 three	 of	 them	match	 the	
database	 for	metallic	 copper,	 and	 the	 small	 diffraction	
peak	 at	 2θ=37°	 is	 attributed	 to	Cu2O,	which	 indicates	
partial	oxidation	of	the	deposited	metallic	copper.	

Fig. 3.  XRD patterns of C-paper, CD@C-paper, C-paper 
and CD@C-paper with Cu/Cu2O layer deposited 
on them electrochemically from 0.5 M CuSO4 
solution at room temperature 

Visual	examination	of	the	copper	deposits	on	C-paper	
and	on	CD@C-paper	samples	was	obtained	by	HRSEM	 
(Figs.	4	and	5).	

The crystal shape of the copper is similar on both 
samples	but	the	coverage	is	different,	as	can	be	seen	in	
the	lower-magnification	images	while	the	carbon	fibers	
of	the	untreated	carbon	paper	are	only	partially	covered	
with	 copper,	 and	 full	 coverage	 was	 obtained	 on	 the	
C-dots	modified	 carbon	 paper.	 	 Elemental	 analysis	 by	
EDS	of	the	area	is	shown	in	Fig.	6.	

The	 figure	 exhibits	 the	 presence	 of	 C,	 Cu,	 and	
O.	 The	 quantitative	 atomic	 ratio	 between	 the	 copper	
and	oxygen	 is	 about	 3:1;	whereas,	 elemental	mapping	
shows	 uniform	 distribution	 of	 these	 elements.	 These	
results imply that the surface of the copper crystallites is 
partially	oxidized.	It	is	worth	noting	the	complementary	
nature of these images: In areas where no copper 
was	 deposited	 (and	 oxidized),	 the	 underlying	 carbon	
substrate	is	the	dominant	element.

The effect of time on the electrodeposition of 
Cu/Cu2O	 on	 C-paper/CD@C-paper	 from	 CuSO4	 aq.	
solution	was	 performed	 for	 10	minutes	 as	well	 as	 for	
60	minutes.	We	characterized	 the	electrodeposited	Cu/
Cu2O	 layers	 by	 XRD	 and	 Raman	 spectroscopy.	 The	
X-ray	diffraction	patterns	show	that,	for	10	minutes	of	
electrodeposition,	le	Cu/Cu2O	is	deposited	on	C-paper/
CD@C-paper	(This	interpretation	is	made	on	the	basis	
of	intensity	of	XRD	and	HRSEM	analysis).		On	the	basis	
of	XRD	and	SEM	analysis,	it	is	concluded	that	similar	
amounts	are	deposited	for	30	and	60	minutes	(Fig.	7).	

Therefore,	 the	 optimum	 deposition	 time	 is	 30	
minutes.	 Raman	 spectra	 measured	 from	 C-paper	 and	
C-dots/C-paper	with	Cu2O	electrodeposits	are	shown	in	
Fig.	8.	
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Fig. 4.  HRSEM images at four magnifications of Cu/Cu2O electrodeposited on CD@C-paper from 0.5 M CuSO4 solution: 
a) 200 µm, b) 3 µm, c) 1 µm, d) 300 nm

Fig. 5.  HRSEM images at four magnifications (as indicated) of Cu electrodeposited on C-paper from 0.5 M CuSO4 solution: 
a) 200 µm, b) 10 µm, c) 3 µm, d) 2 µm/500 nm

Fig. 6.  HRSEM images with EDS and elemental mapping of Cu/Cu2O deposited on C-paper by electrodeposited for 2000 
s at potentials of 0.5 using CuSO4 aq. soln.
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Fig. 7.  XRD patterns of C-paper, CD@C-paper, Cu/Cu2O deposited on C-paper/CD@C-paper by electrodeposition for (A) 
10 minutes (B) 60 minutes)

Fig. 8. Raman spectra of Cu/Cu2O deposited on C-paper/
CD@C-paper by electrodeposited for 30 minutes

Identical	Raman	spectra	of	Cu/Cu2O	were	obtained	
for	the	Cu/Cu2O	deposited	on	modified	C-paper	and	pristine	 
C-paper,	 which	 implies	 that	 both	 samples	 contain	 the	
Cu/Cu2O.	The	Raman	peak	at	636	cm

-1 corresponds to 
Cu2O.	

2.3. Electrochemical deposition and energetic 
modification of carbon paper by carbon 
dot and Cu/CuO

Effect of back contact on solar cells: We	have	tested	
the	 as	 prepared	 electrode	 comprising	 of	 C-paper@C-
dots	with	 electrodeposited	Cu/Cu2O	 electrode	 in	 solar	
cells	as	a	back	contact.	Generally,	a	solar	cell	consists	of	
two metal electrodes: the transparent front electrode and 
the	back	metal	electrode.	

Figure	 9	 demonstrates	 the	 current-voltage	 curves	
measured	 from	 perovskite	 solar	 cells.	 A	 device	 with	
only	carbon	paper	as	a	back-contact	shows	810	mVoc,	the	
C-dot/C-paper	 displays	 shows	 open	 circuit	 voltage	 of	

890	mV;	however,	the	Cu/CuO@C-dot/C-paper	displays	
highest	 open	 circuit	 voltage	 of	 985	mV	 and	 a	 current	
of	 180	 µA.	 The	 differences	 in	 the	 voltage	 generation	
in	 these	 two	 devices	 could	 arise	 from	 the	 changes	 in	
the	energetic	levels	or	the	surface	area	of	the	modified	
carbon	 paper,	 which	 is	 further	 supported	 by	 work	
function	measurements.	The	carbon	paper	modified	with	
C-dots	has	a	higher	work	function,	whose	Fermi	level	is	
close	to	the	valance	band	(VB)	of	spiro,	which	reveals	
less	 voltage	 loss;	 therefore,	 the	 device	 shows	 higher	
Voc	 compared	 to	 unmodified	 carbon	 paper.	 However,	
the	 Cu/Cu2O	 coating	 has	 a	 similar	 work	 function,	
since it can be oxidised very	 easily	 and	 becomes	 less	
conductive.	 This	 could	 be	 one	 of	 the	 reasons	 for	 the	
lower	voltage	measured	from	a	solar	cell.	The	Cu/Cu2O	 

Fig. 9.  Current density – Voltage curves measured from 
perovskite solar cells comprising of various 
electrodes as back contact: (a) bare carbon paper, 
(b) carbon paper modified with C-dots, (c) carbon 
paper with electrodeposited Cu/Cu2O, and (d) 
carbon paper modified with C-dots on which 
copper was deposited for 30 min. 
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deposit	on	C-paper	and	on	CD@C-paper	gives	the	very	
low	voltage,	which	could	be	due	to	the	poor	quality	of	
contact	at	 the	 interface,	 the	formation	of	a	 thick	oxide	
layer,	 or	 possibly	 some	 other	 electronic	 process	 that	
decreases	the	performance	of	the	solar	cells.	For	detailed	
understanding,	further	study	needs	to	be	done.

The	work	function	of	the	Cu/Cu2O	on	C-paper	and	
on	CD@C-paper	was	measured	by	 the	help	of	Kelvin	
probe	force	microscopy	(KPFM).	Figure	10	shows	the	
energy	level	diagram	of	the	tip	and	the	sample	surface	
when	 φsample	 and	 φtip	 are	 different.	 Figure	 10a	 depicts	
the	potential	profile	of	Cu/Cu2O@CD@C-paper	energy	
levels	 of	 the	 interface	 between	 deposited	 Cu/Cu2O	
and	CD@C-paper.	 Figure	 10c	 represents	 the	 potential	
profile	 of	 Cu/Cu2O	 and	 CD@C-paper.	 Figure	 10b	
shows	the	topography	of	the	Cu/Cu2O	deposited	on	the	
CD@C-paper	and	depicts	homogeneous	distribution	of	
Cu/Cu2O.	Figure	 10d	 just	 captured	 the	 optical	 imaged	

covered	 by	 the	 camera	 during	 the	 measurement	 of	
potential	by	KFM.	Equilibrium	requires	Fermi	levels	to	
line-up	at	steady	state,	if	the	tip	and	the	sample	surface	
are	close	enough	for	electron	tunnelling.	Upon	electrical	
contact,	 the	 Fermi	 levels	 will	 align	 through	 electron	
current	flow,	and	 the	system	will	 reach	an	equilibrium	
state,	 Fig.	 10c.	 The	 tip	 and	 sample	 surface	 will	 be	
charged,	 and	 an	 apparent	 VCPD	 (voltage	 applied	 to	
contact	potential	difference)	will	form	(Note:	the	Fermi	
energy	levels	are	aligned	but	vacuum	energy	levels	are	
no	 longer	 the	 same,	 and	 a	VCPD	between	 the	 tip	 and	
sample	has	formed).	The	difference	in	the	work	function	
of	the	materials	Cu/Cu2O	and	CD@C-paper	was	found	
to	 be	 75	meV.	However,	 the	work	 function	 of	 copper	
metal	is	4.5	eV,	which	suggest	that	Cu/Cu2O@CD@C- 
-paper is the best candidate for a back contact for solar 
cells	devices.	

                             

Fig. 10.  a) Potential profile of Cu/Cu2O@CD@C-paper, b) Height profile of Cu/Cu2O@CD@C-paper, c) Potential 
measurement on the basis of fig. 10a, d) optical images of KPFM tip and sample during the measurement
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Conclusions 

In	 conclusion,	 a	 straightforward	 sonochemical	
approach is employed for the in situ formation of C-dots 
via	ultrasonic	irradiation	of	polyethylene	glycol	(PEG)	
solvent.	The	synthesis	does	not	require	a	strong	acid,	base,	
volatile	organic	solvent,	or	other	post-synthetic	surface	
passivation.	Our	procedure	includes	a	preliminary	step	
in	which	the	carbon	paper	is	first	modified	with	C-dots	
(CD@C-paper),	 which	 improves	 the	 electrodeposition	
of	copper	on	it.	The	goal	of	this	paper	is	to	design	a	new	
electrode	 for	 solar	 cell	 applications.	We	 demonstrated	
that	CD@C-paper	can	be	implemented	as	back	contact	
in	solar	cells.		It	has	better	performance	than	the	carbon	
paper,	 and	 these	 results	 correlate	 with	 the	 energetic	
changes	of	work	function,	which	we	observed	in	photo	
voltage	measurements	of	the	device.
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