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High quality freestanding pristine graphene (PG) and boron-doped

graphene (BG) were prepared by a novel and versatile method. BG is

more conductive than PG due to a larger density of state generated

near the Fermi level. Using BG as a back electrode, we achieved

improved hole-collecting ability and photovoltaic efficiency for

CdTe solar cells.
Graphene has recently attracted considerable attention owing to its

excellent structural and electrical properties,1 possible applications

as a semiconductor, and applications as an excellent transparent

conducting layer in dye-sensitized solar cells.2,3 However, graphene

is a zero-band-gap semiconductor with its density of states (DOS)

at the Dirac point equal to zero, which is an obstacle for its use as

a good conductor in electronics.4,5 The Fermi level of graphene can

be shifted, up or down, to increase the DOS by hole- or electron-

doping, which has been predicted to modify the band structure.
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Broader context

Graphene as a two-dimensional material has attracted considerable

applications in semiconductor devices and solar cells. However, syn

graphene in large quantities remains a challenge. In this research,

standing graphene and boron-doped graphene, which were successfu

time. Thus prepared undoped graphene samples have fewer defects

graphene oxide through chemical reduction with hydrazine hydrate

trical conductivity and work function than pristine graphene due to

boron-doped graphene is able to improve the hole-collection abil

a higher work function, it is a suitable metallic Ohmic back contact

We suggest that these materials would help to advance the research
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The work function of graphene has been calculated to be�4.5 eV,6

and the Fermi levels of 2 at.% (atom percent) boron- and nitrogen-

doped graphene systems can be shifted by �0.65 and 0.59 eV,

respectively.7 As an electron-deficient dopant, boron can increase

the work function of graphene, allowing it to serve as an ohmic

back contact for CdTe solar cells, which until now have lacked

a suitable metal for such function.

To date, two approaches have been developed to synthesize gra-

phene. The top-down approach includes micromechanical,8 thermal

expansion,9 chemical10–12 or liquid-phase13 exfoliation from bulk

graphite, thermal decomposition of silicon carbide (SiC) substrate,14

electrochemical synthesis,15 and arc-discharge synthesis of multi-

layered graphene.16 The chemical exfoliation is a suitable method for

mass production of graphene. However, graphene obtained by

chemical exfoliation has very poor electrical conductivity owing to

the structural defects formed during the vigorous exfoliation and

reduction processes.2 The bottom-up approach is based on chemical

vapor deposition (CVD),2,17 gas-phase synthesis assisted by micro-

wave plasma18 and solvothermal synthesis.19 The presence of the

substrate usually reduces the charge carrier mobility considerably

because of the chemically bonded interface. Obviously, new synthetic

methods are in demand for preparing graphene with the perfect

hexagonal lattice to achieve excellent electrical transport properties.

In this study, we have explored a novel and versatile method to

prepare freestanding pristine graphene (PG) and boron-doped gra-

phene (BG). These graphenes form rapidly from nascent carbon and

boron in the reduction reactions of tetrachloromethane (CCl4) and

boron tribromide (BBr3) using an alkali metal (K) reductant. PG was
attention owing to its excellent electrical properties and possible

thesis of high-quality free-standing graphene and boron-doped

we have explored a novel and facile method to prepare free-

lly incorporated as back contacts in CdTe solar cells for the first

and better electrical transport performance than the exfoliated

. Similarly processed boron-doped graphene has a higher elec-

a larger DOS generated near the Fermi level. Accordingly, our

ity and photovoltaic efficiency of CdTe solar cells, and, with

material which until now has been lacking for CdTe solar cells.

and applications of graphene and solar cells.
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Fig. 2 (a) The B 1s and C 1s XPS spectra of boron-doped graphene (C 1s

in the inset), (b) Raman spectra of pristine graphene (PG), boron-doped

(BG), and chemically reduced exfoliated graphene oxide using hydrazine

hydrate reductant (r-GO).
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synthesized by reacting K (1.0 g) and CCl4 (10.0 mL) in a sealed

Teflon-lined stainless steel autoclave (50 mL). The autoclave was kept

at 160 �C for 12 h, then cooled down to room temperature. The

resultant product was dispersed in acetone under stirring to remove

CCl4 from the products. After filtering, the remaining product was

washed with deionized water (1 L). The suspension was vacuum-

filtered and dried in a vacuum oven at 100 �C for 12 h. BG was

prepared following a similar procedure using CCl4 (10 mL), K (1.2 g)

and BBr3 (52 mL), at 160 �C for 20 h. The yields of both PG and BG

are approximately 0.4 g per 1 g of K.

The scanning electron microscope (SEM) and transmission

electron microscope (TEM) images of the PG sample are dis-

played in Fig. 1. The architecture of the sheets and the nano-

structured carbon products are clearly demonstrated. Before

sonication, the sample consists of flower-like nanosheets, as shown

in the SEM image (Fig. 1 (a)), and small stacked flakes, as shown

in the TEM images (Fig. 1 (b)). In a number of cases we observed

folded graphene layers (Fig. 1 (c)). In some cases the sheet edges

tended to scroll and fold slightly. After sonication for 40 min in

ethanol, single-layer graphene sheets with a topographic height of

�0.7 nm, consistent with that reported for single graphene,10,20

were observed by atomic force microscopy (AFM), as shown in

Fig. 1 (d). These results indicate that the present method can

conveniently synthesize single-layer and few-layer graphene

sheets. By analyzing a large number of TEM images, paying close

attention to the uniformity of the flake edges, we estimated the

percentage of single-layer graphene as 13.6% with flake-thickness

statistics as shown in Figure S2 of the ESI†. The morphology of

BG is the same as PG, as shown in Figure S1 of the ESI†. These

graphene samples were used for further physical property

measurements and device fabrication.

As shown in the X-ray photoemission spectroscopy (XPS) in Fig. 2

(a), the BG nanosheets have a binding energy peak (B-1s) at 191.5 eV

while the C-1s peak is located at 284.8 eV (Fig. 2 (a) inset). The higher

binding energy of BG, compared with that of pure boron (188 eV),
Fig. 1 (a) SEM, (b, c) TEM, and (d) AFM images of the pristine gra-

phene sample. The scale bar in (a) is 1 mm.

This journal is ª The Royal Society of Chemistry 2011
indicates that the boron atoms are bonded to carbon atoms in the sp2

carbon network.21 The content of boron was determined to be 1.1 at.

% based on the XPS intensity measurement, listed in Table S1 of the

ESI†. In the low-doping regime (�1 at. %), the band structure of BG

is expected to be similar to the sp2 carbon network of graphene.

Oxygen traces, most likely from the adsorbed water according to the

Fourier transform infrared spectroscopy (Figure S3†), were deter-

mined to be 7.22 at.% for PG and 7.66 at.% for BG using XPS.

Raman spectroscopy is a powerful nondestructive tool to deter-

mine the quality of graphene. In Fig. 2 (b), we compare Raman

spectra of PG, BG, and a chemically reduced graphene oxide (r-GO,

its preparation procedure using hydrazine hydrate as reductant is

described in the ESI†). PG revealed the presence of the D (1341

cm�1), G (1570 cm�1), and 2D (2694 cm�1) bands in Fig. 2 (b). Due to

the selection rule, the D band, which is the breathing mode of the sp2

rings, requires a defect for it to be activated. The G band results from

first-order scattering of the E2g mode of the sp2 carbon domains. The

2D band is a second-order two-phonon mode. As shown in Fig. 2 (b),

PG exhibits a sharp 2D peak located at 2694 cm�1, while the r-GO

exhibits a much broader set of split peaks around 2697 cm�1. The

intensity ratio of the G and D bands, IG/ID �3, in PG is higher than

that (IG/ID �1) of r-GO, indicating that PG contains fewer defects

than r-GO. The defects activating the D band may come from the

edges and ripples in the nanosheets.22 Comparing BG with PG, we

find the IG is much higher in BG and the ratio I2D/IG is smaller in BG.

The decreased I2D/IG value may be attributed to BG’s increased
Energy Environ. Sci., 2011, 4, 862–865 | 863
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Table 1 Photovoltaic performance of r-GO-, PG-, and BG-based CdTe
solar cells

Back electrode Jsc/mA cm�2 Voc/V FF (%) h (%)

r-GO 18.38 0.685 51.6 6.50
PG 20.81 0.674 52.9 7.41
BG 21.96 0.685 52.2 7.86
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absolute value of the Fermi level (|EF|).23 In addition to peak intensity,

the shifts of the G-band frequencies can be interpreted in terms of the

size of the C–C ring and the changes in the electronic structure.24 The

G band position (1579 cm�1) in BG has a blue shift of 9 cm�1 over

that of PG (1570 cm�1). This is consistent with the higher electron

concentration in BG: the frequency of the E2g G phonon (Raman G

band) increases with electron concentration due to the nonadiabatic

removal of the Kohn anomaly at G-point.25–27 In contrast, there is no

obvious peak shift from PG to r-GO (1572 cm�1). In addition, the 2D

band is also sensitive to doping:28 the 14 cm�1 red-shift of the BG 2D

band relative to PG results from a decrease in the vibration frequency

due to the increased lattice constant (which is due to the boron

substitution).29 The average sheet sizes for PG and BG, calucated

from the Raman data,30,31 are 56 and 35 nm, respectively. (See

Equation S1 in the ESI† for the calculation.)

As discussed above, boron doping introduces more holes to the

valence band of the graphene sheet, and a larger carrier concentration

in the sample is achieved. To verify this, the electrical conductivities of

r-GO, PG, and BG were compared using electrochemical impedance

spectra (EIS). For these measurements, film electrodes, fabricated by

a blade coating method described in ESI†, were obtained using r-GO,
Fig. 3 (a) The typical electrochemical Nyquist plots of the r-GO-

modified, PG-modified and BG-modified electrodes, (b) the schematic of

the CdTe solar cell with a graphene back electrode, and (c) I–V charac-

teristics of CdTe solar cells with different back electrodes.

864 | Energy Environ. Sci., 2011, 4, 862–865
PG and BG. The Nyquist plots in Fig. 3 (a) show a smaller semicircle

for PG than for r-GO, indicating a better conductivity for PG; the

conductivity of BG is even higher. The improved conductivity cannot

be attributed to the sheet size since the sheet size of most of the r-GO

is between 5 mm and 20 mm according to Figure S4 of the ESI†, which

is much larger than PG and BG. (The conductivity of graphene

increases with the sheet size.) Therefore, BG and PG must have fewer

defects than r-GO, which is consistent with the Raman spectra. The

especially low impedance of the BG sample probably also reflects the

increased DOS value near the Fermi level.

Conductive graphite paste is a good electrode (back contact)

material to be used in CdTe solar cells. The work function of graphite

nearly matches the CdTe absorber, and the highly polarized valence

orbitals of Te (6s and 6p) have a rather intense chemical interaction

with the delocalized C 3pz orbitals. In a CdTe solar cell, the CdTe

absorber generates holes, which are injected into the graphite elec-

trode. Electrical conduction of graphite is anisotropic, and the hole

conductivity (30–50 S cm�1) perpendicular to the graphite layer is

rather small compared with the in-plane conductivity (106 S cm�1),32

reflecting a weaker interaction between layers (van der Waals forces

with a slightly delocalized p–p* interaction). Graphene only has in-

plane conductivity, even multilayer graphene with a perfectly

hexagonal carbon lattice is expected to have lower electrical

conductivity along the c direction (perpendicular to the graphene

layer) than normal graphite. Since BG has the lowest impedance, it is

expected to act as a better back electrode for CdTe solar cells than

PG, r-GO, or regular conductive carbon.

To demonstrate the suitability of PG and BG as back electrode

materials for CdTe solar cells, solar cells shown in Fig. 3 (b) were

fabricated. The current–voltage (I–V) curves of the devices are shown

in Fig. 3 (c) and the measured photovoltaic parameters are listed in

Table 1. For a 1.0 cm2 CdTe solar cell with a PG-based back elec-

trode, a short-circuit photocurrent density (Jsc) of 20.81 mA cm�2

with an open-circuit voltage (Voc) of 0.674 V, a calculated fill factor

(FF) of 52.9%, and an overall power conversion efficiency (h) of

7.41% have been obtained. The overall power conversion efficiency is

considerably higher than that of the r-GO-based cell (6.50%), and it is

also higher than a comparable cell using carbon nanotube arrays as

a back electrode (7%).33 As expected, the BG-based cell has an even

higher efficiency (7.86%), indicating that the highly-conductive BG

can improve the hole-collecting ability and reduce the barrier height

to enhance the overall power conversion efficiency. The Jsc value of

the BG-based cell, 21.96 mA cm�2, is also higher than those of the r-

GO and PG-based cells. The improved overall power conversion

efficiency of the BG-based cell also reflects its higher work function

helping to form an ohmic contact with the p-CdTe.

In summary, a new bottom-up technique was developed to prepare

free-standing and high-quality pristine graphene and boron-doped

graphene nanosheets. The as-prepared graphene samples were

successfully applied to CdTe solar cells, used as back contacts, for the
This journal is ª The Royal Society of Chemistry 2011
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first time. The as-prepared graphene with fewer defects has better

electrical transport performance than the chemically reduced exfoli-

ated graphene oxide sheets using hydrazine hydrate as reductant. The

boron-doped graphene sample has an even better electrical conduc-

tivity and a higher work function than the pristine graphene due to

a larger DOS generated near the Fermi level. Accordingly, the boron-

doped graphene has a favorable effect on improving the hole-

collection ability and the photovoltaic efficiency of CdTe solar cells.

By adopting these graphenes as back electrodes, the photovoltaic

efficiency of CdTe cells was increased from 6.50% for chemically

(hydrazine hydrate) reduced graphene oxide to 7.41% for pristine

graphene to 7.86% for boron-doped graphene.
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A. Jorio, G. G. Samsonidze, G. Dresselhaus and M. S. Dresselhaus,
Chem. Phys. Lett., 2006, 427, 117.

31 L. G. Cancado, K. Takai, T. Enoki, M. Endo, Y. A. Kim,
H. Mizusaki, A. Jorio, L. N. Coelho, R. Magalhaes-Paniago and
M. A. Pimenta, Appl. Phys. Lett., 2006, 88, 163106.

32 K. S. Krishnan and N. Ganguli, Nature, 1939, 144, 667.
33 R. E. Camacho, A. R. Morgan, M. C. Flores, T. A. McLeod,

V. S. Kumsomboone, B. J. Mordecai, R. Bhattacharjea, W. Tong,
B. K. Wagner, J. D. Flicker, S. P. Turano and W. J. Ready, JOM,
2007, 59, 39.
Energy Environ. Sci., 2011, 4, 862–865 | 865

http://dx.doi.org/10.1039/c0ee00512f

	A facile preparation route for boron-doped graphene, and its CdTe solar cell applicationElectronic supplementary information (ESI) available:...
	A facile preparation route for boron-doped graphene, and its CdTe solar cell applicationElectronic supplementary information (ESI) available:...




