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Abstract— Schottky barrier solar cells based on graphene/n-
silicon heterojunction have been fabricated and chacterized
and the effect of graphene molecular doping by HN@on the
solar cells performances have been analyzed. Diffamt doping
conditions and thermal annealing processes have be¢ested to
asses and optimize the stability of the devices. THeCE of the
cells increases after the treatment by HN@and reaches 5% in
devices treated at 200C immediately before the exposition to the
oxidant. Up to now our devices retain about 80% ogfficiency
over a period of two weeks, which represents a goacstability
result for similar devices.
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.. Introduction

Graphene films, grown by chemical vapor depositio
(CVD) and transferred onto crystalline silicon wafeform
graphene/silicon (G/Si) Schottky barrier solar selh full
understanding of the nature of the behavior andopeance
potentiality of G/Si heterojunction is of greatengst, since its
structure is the simplest among the graphene bsdlad cells.
In G/Si heterojunction, graphene serves not onlyassparent
conductive electrode but also for producing a Huilield and
inducing charge separation [1]. The optimizationgasses of
a basic G/Si heterojunction solar cell are essintimsed on
the adjustment of graphene layer number [2], theduction
of antireflection layers [3] and the material dap{d]. Doping
of graphene films can be obtained through atomrapgeé.g.
boron doping) and molecular doping (e.g. HN@@ping). In
all the cases of molecular doping, performanceilgtalis a
problem: after few days storage in the air only itel
percentage of PCE enhancement is retained since
molecular dopants tend to gradually evaporate frihra
surface of graphene. In the present work, G/Si 8kyo
junction solar cells have been assembled and waltyr
characterized under illumination conditions. Théeefs of
graphene molecular doping by HBlOon the G/Si
heterojunction solar cells performances have
investigated. The pristine devices, not intentibnaloped,
showed a PCE less than 1%. After the treatmemig; the
PCE enhanced to 5%. We have devoted particulantatteto
the influence of the doping process conditionshen dtability

bee

of the devices performance. We have reached an BG%
retainment over two weeks which, at the moment.esgnts a
good stability result for similar devices.

. Experimental

A. Material and device preparation

The G/Si heterojunction devices have been fabricaia
commercially purchased lightly n-doped (resistivityf 1Q-
cm) Si wafers with 300 nm SiQayer. The silicon substrates
have been patterned by photolithography and wétirajcof
oxide (by hydrofluoric acid solution) to prepareuace
windows. The device active area is 0.09°cithe front and
back contacts have been, respectively, realizegharating
Ti/Au on the SiQ and a Ti/Pd/Ag trilayer on the back side of

"the n-Si. Graphene films have been grown on cogpir

substrates by a non toxic and low-cost ethanol&34D [5].
The growth processes have been performed near C0G0°
system for the fast cooling of the samples, to ste@pgrowth
of further graphene layers, allows to bring the glem
temperature below 500°C in few seconds. The the@\édD
reactor consists of a vacuum fitted, 40mm diamejgartz
tube, placed horizontally into an oven furnace eAfemoving
the graphene grown on the back surface, the Cdpjpehave
been left floating on the top of a HN@0%):H,0=1:3
solution for a complete etching of the copper. Tilms have
been then scooped using a thermally oxidized silio@fer
and transferred into a clean distilled water bathetmove the
acid residues. Finally the films have been tramsteonto the
cell substrates, taking care to fully cover witte thilm the
lﬁéﬂterned active area and the gold contacts. Dahi@grocess

e graphene film were protected using a novel tgbe
supporting material, specifically designed for wpedcessing.
The scheme of the cell substrate is shown in Fi¢n Fig. 2 it
is shown a photograph of the frontal part of thealfidevice.
Doping treatment of the assembled G/Si solar teliee been
carried out by placing the assembled cells downwandthe

raphene side, exposed to the vapor of nitric doid 3
minutes.
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Fig. 1.Schematic diagrams of the G/Si solar cell and HIN@ping.

HNO, vapor

Fig. 2. Photograph of the frontal part of the final devitae shadow visible
on the gold contact is graphene film, the centraygone is the active area of
the device where graphene contacts silicon anddhezone is Si@Si.

B. Characterization methods

The pristine and nitric acid treated graphene hasen
characterized by Raman spectroscopy performed ghrau
Renishaw inVia Reflex Raman spectrometer using Sivn
excitation source. The sheet resistance of thehgrap has
been measured using a four-point probe with a naltroeter

(NAPSON Resistest RT-8A) and the Van der Pauw ntketho

was applied. The solar cells are characterized bgsuring
the current density—voltage characteristics unddua lamp
WACOM solar simulator in standard test conditio2$ {C,
AM1.5G, 1000W/r).

. Results and discussion

Fig. 2 shows Raman spectra of pristine and nitaid a
treated graphene (after annealing at °2)Owhere the
characteristic D, G and 2D Raman bands are cleasiple.
As can be seen in the comparative Raman spectnarigtene
graphene (PG) shows a D band at 1352'.cfihe G and 2D
band positions occurred at 1582 “tmand 2706 cm,
respectively, and the corresponding intensity raticG and

fluctuation due to hole doping in graphene [7].tRermore,
we observed slight blue shift in the 2D band pefdR® (2709
cm?) samples compared to PG (2706 $mexplained in
reference [8] through the effect of the functiomation of
different functional groups with carbon atoms thybusp
hybridization.

Upon modifying graphene with molecular doping, the
sheet resistance of the samples changes from 52Z1t@whm
square, decreasing by 63% of the original value.

In Fig. 4 and Fig. 5 we show the effect of dopinya
ageing on the current density—voltage charactesistinder
illumination. Devices realized with pristine grapleeshow
PCE<1% (Fig. 4, blue curve). The best PCE for dogewith
no annealing before doping is 3.4% (cell 1, Figreti curve)
and lose a 50% of these value after 15 days oagéom the
air (Fig. 4, green curve). In devices annealed0@t°g for 20
minutes before the exposition to the dopant, PGiEhes 5%
(cell 2, Fig. 5, red curve) and retains an 80%t®ofalue after
15 days (Fig. 5, green curve). This result couldpbetially
explained through the desorption of transfer remsdat the
interface between graphene and silicon and the vamof
trapped water after device fabrication induced bhgrinal
annealing.

—PG 20
—DG

Intensity (a.u.)

T
1000 2000 3000

Raman shift (cm'1)

Fig. 3. Comparative Raman spectra of pristine and nitried agoped
graphene.
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Fig. 4. Doping and ageing effect on the J-V illuminatedveuof a solar cell

with no annealing before doping. The characterisficlevice with pristine
graphene (blue curve) is compared to the onesirachimmediately after

2D bands @/|2D~0_5) confirms the presence of the few |ayerdop@ng (red curve) and after 2 days (violet cuasg 15 days (green curve) of

graphene structure [6]. There is a blue shift (~cin the G
band peak of doped graphene (DG) ascribed to cdioweh

ageing.
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Fig. 5. Doping and ageing effect on the J-V illuminatedveuof a solar cell
annealed at 20C before doping process. The characteristic ofithéce with
doped graphene (red curve) is compared with the acquired after 2 days
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(violet curve) and 15 days (green curve) of ageing.

In Table | we show the ageing effect on the eleatri
parameters extracted from the curves shown in&igell 1,

grey rows) and Fig. 5 (cell 2, white rows).

The PCE of the G/Si solar cells results greatlyagicked after
molecular doping by nitric acid. In all the casésrmlecular
doping, performance stability is a problem: gergrafter
few days storage in the air, only a little percgetaf PCE
enhancement is retained since the molecular dogants to
gradually evaporate from the surface of graphene.our
devices, the power conversion efficiency reaches B%
devices annealed at 260 immediately before the exposition
to nitric acid and shows an 80% stability after &eks.

Conclusions

TABLE I.
Short circuit Open circuit Fill PCE
current density voltage Factor (%)
(Arcm?) (mV) (%)
Doped 23 487 31 34
device
Cell | 2days 21 502 26 27
1 ageing
15 days 19 386 2 18
ageing
Doped 23 501 43 °
device
Cell 2 da}ys 23 204 0 4.6
2 ageing
15 days 23 489 37 4.2

ageing
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