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We report the construction of Schottky solar cells based on graphene nanoribbon/multiple silicon

nanowires (SiNWs) junctions. Only a few (�10) SiNWs were involved to miniaturize the solar cell

for nanoscale power source applications. It was found that doping level of the SiNWs played an

important role in determining the device performance. By increasing the doping level, solar cell

with open circuit voltage of 0.59 V and energy conversion efficiency of 1.47% were achieved

under AM 1.5G illumination. The large effective junction area of the radial Schottky

junction was responsible for the high device performance. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4711205]

Solar energy harvesting is one of the most promising

processes for clean and renewable power. The past several

decades had witnessed the dominant role of commercial sin-

gle- and poly-crystalline silicon solar cells played in the

global photovoltaic market. More recently, one-dimensional

(1D) Si nanostructures, such as Si nanowires (SiNWs) and

nanoribbons (SiNRs), have attracted increasing research in-

terest by the virtue of their unique optical and optoelectronic

properties.1,2 For instance, Kelzenberg et al. reported single

SiNW rectifying junction solar cell with energy conversion

efficiency of �0.46%.3 By using a Pt-SiNW-Al structure,

Kim et al. demonstrated multiple SiNWs (multi-SiNWs)-em-

bedded Schottky solar cells with a large photocurrent.4 In

addition, solar cell devices composed of radial p-n junction,

axial and coaxial p-i-n SiNWs with efficiency of �0.63%,

0.5%, and 3.4%, respectively, have been fabricated as

well.5–7 Despite these progresses, the relatively low efficien-

cies as well as the complicated fabrication process largely

hinder their applications in solar energy conversion.

In order to increase the conversion efficiency, graphene

with many exceptional properties such as high transparency,

large thermal conductivity, and excellent electronic and mechani-

cal properties has been adopted to optimize the solar cell

devices.8–10 Ye et al. reported CdSe nanoribbon (NR)/graphene

Schottky solar cells with efficiency of 1.25%.11 The efficiency

can be further enhanced to 1.65% by using Au/graphene

Schottky electrodes.12 What is more, by combining with the Si

wafer or SiNW array, graphene film/Si Schottky solar cells were

fabricated, which showed efficiencies in the range of 1.65%-

4.35%.13–16 Considering the importance of nanoscale power

sources for future nano-optoelectronics, further investigations on

the single or multiple SiNWs based graphene/Si Schottky solar

cells are much desired. Study on this topic will be conducive to

clarify the work mechanism of the graphene/Si solar cells that is

vital important to device optimization. Herein, we report the fab-

rication of solar cells composed of graphene nanoribbon (GrNR)

multi-SiNWs Schottky diodes. It was found the device perform-

ance strongly depended on the doping level of the n-type SiNWs,

and efficiency up to 1.47% was achieved under AM 1.5G illumi-

nation. Moreover, the GrNR/multi-SiNWs Schottky diodes could

serve as high-performance photoswitches.

Phosphorus (P)-doped n-type SiNWs were synthesized

by chemical vapor deposition (CVD) using a vapor-liquid-

solid (VLS) growth method.17 A mixed gas of SiH4 (10% in

H2, 50 sccm) and H2 (40 sccm), together with the PH3 (1%

in H2) dopant, were used as the reaction gas. During growth,

cleaned Si substrates covered with 10 nm Au catalyst were

heated up to 580 �C and then maintained at the temperature

for 40 min. In this work, three samples with varied doping

level were synthesized by changing the PH3 gas flow ratio to

5, 12, 15 sccm, respectively. Monolayer graphene films were

prepared at 1000 �C by using a mixed gas of CH4 (40 sccm)

and H2 (20 sccm) via a CVD method in which 25 lm thick

Cu foils were employed as the catalytic substrates.18 The

graphene films were spin-coated with 5 wt. % polymethyl-

methacrylate (PMMA) in chlorobenzene after growth, and

then the underlying Cu foils were removed in Marble’s rea-

gent solution (CuSO4:HCl:H2O¼ 10 g:50 ml:50 ml).

Figure 1(a) shows typical scanning electron microscopy

(SEM, SIRION 200 FEG) images of the SiNWs. It is seen

that the SiNWs are smooth and clean with 50–300 nm in di-

ameter and tens of micrometers in length. As for the synthe-

sized graphene film, two major scattering peaks appear in the

Raman spectrum (JY, LabRAM HR800) [Figure 1(b)], i.e.,

2D-band peak at �2690 cm�1 and G-band peak at

�1590 cm�1. The intensity ratio of I2D: IG� 3.7, along with

the weak D-band scattering at �1347 cm�1, confirms the

high quality of the monolayer graphene film.19
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Figure 2 illustrates the processing steps for constructing

GrNR/multi-SiNWs Schottky solar cells. First, Ti/Au (20/

40 nm) electrodes were defined by photolithography and sub-

sequent lift-off process on SiO2 (300 nm)/pþ-Si substrate.

The as-synthesized SiNWs were then parallel transferred

onto the SiO2/Si substrate through a contact printing tech-

nique during which the NW density could be controlled by

adjusting the contact pressure.20 Second, the Ti (200 nm)/n-

SiNWs ohmic contacts were fabricated by additional photoli-

thography and lift-off process. Third, the PMMA-supported

monolayer graphene film was transferred onto the SiO2/Si

substrate and dried at 100 �C for 20 min, followed by remov-

ing the PMMA with acetone. Finally, the GrNR/multi-

SiNWs Schottky solar cells were accomplished by patterning

the graphene film with photolithography and oxygen plasma

etching for 10 min. Residual photoresist on the GrNRs was

then removed by acetone. To improve the p-type conductiv-

ity of the GrNRs, the graphene films were pre-treated in

HNO3 solution (65 wt. %) for 5 min and then cleaned in

deionized water for several times prior to transfer.21 It should

be noted that, in order to explore the influence of doping

level on device performance, totally 3 GrNR/multi-SiNWs

Schottky junction solar cells (marked as device A, B, C)

were constructed from the SiNWs with different doping lev-

els. Device analysis of the Schottky junction solar cells was

conducted on semiconductor characterization system (Keith-

ley 4200-SCS) using the illumination light (350 lW cm�2)

as the light source. Further investigations were performed

using a solar simulator (San-Ei Electric, XES-301 S) with a

calibrated illumination power density of 100 mW cm�2.

Fig. 3(a) displays a typical SEM image of the GrNR/

multi-SiNWs solar cell, in which a few SiNWs, typically 10-

15 SiNWs, cross over the GrNR and the Ti electrode. Due to

its high flexibility, the GrNR can wrap majority of side surfa-

ces of the SiNWs (Fig. 2), virtually forming a radial Schottky

junction structure. Such structural feature will be beneficial

to the device performance as the effective junction area for

an individual SiNW is much larger than that of the graphene

film/SiNW array devices, in which only the tips of the

SiNWs can contact with the graphene film.14 The electrical

properties of the SiNWs were first assessed, as depicted in

Fig. 3(b). The linear I-V curves obtained from the adjacent

Ti electrodes indicate the good ohmic contact of n-type

SiNWs with Ti electrodes. Also, it is clear that the conduct-

ance of the SiNWs is dominated by the P doping and

increases with the increasing of doping level. The conductiv-

ities of the SiNWs were estimated to be 6.31� 10�4, 0.21,

2.1 S/cm for PH3 flow ratio of 5, 12, 15 sccm, respectively.

Figure 3(c) shows the photovoltaic characteristics of the

three devices. Under the white light illumination, all devices

exhibit pronounced photovoltaic behavior, but their perform-

ances are not identical; device A is the worst, device B the

moderate, while device C the best. Interestingly, the open

circuit voltage (VOC), along with the short circuit current

density (JSC), increases remarkably with the increasing of

the SiNW doping level from device A–C. Fill factor (FF)

and power conversion efficiency (˛) of the devices could be

deduced from the following equations:

FF ¼ ImVm=IscVoc ¼ JmVm=JscVoc; (1)

˛ ¼ ImVm=SPin; (2)

where Im (Jm) and Vm are the current (current density) and

voltage at the maximum power output, respectively, S is the

active light collection area, which is calculated by summing

FIG. 1. (a) SEM images of the SiNWs prepared by VLS method. (b) Raman

spectrum of the monolayer graphene film.

FIG. 2. Schematic illustration of the fabrication process for the GrNR/

multi-SiNWs solar cells.

FIG. 3. (a) SEM image of a typical GrNR/multi-SiNWs solar cell. Inset dis-

plays single SiNW crossing on GrNR and Ti electrode. The scale bar is

5 lm. (b) Typical I-V curves of the SiNWs with varied doping levels. (c) J-V
curves of GrNR/multi-SiNWs solar cells for devices A, B, C under white

light illumination (350 lW cm�2). (d) J-V curves of device C measured in

dark and under AM 1.5G illumination (100 mW cm�2).
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up the diameter of the SiNWs and then multiplying the

length covered by the GrNR, and Pin is the incident light

power density (350 lW cm�2). According to the above equa-

tions, FF and ˛ are, respectively, estimated to be 0.245 and

0.32% for device A, 0.247 and 1.58% for device B, and

0.261 and 3.44% for device C. It is noted that the device per-

formance of device C at such a light intensity is superior to

the best results obtained for monolayer graphene film/SiNW

array in our previous work (2.15%).15 To evaluate the effect

of the light power density, the photovoltaic characteristics of

device C were examined by a solar simulator (AM 1.5G, 100

mW cm�2). It is found that VOC increases from 0.47 V to

0.59 V, JSC increases from 98.1 lA cm�2 to 11.3 mA cm�2,

while FF slightly decreases from 0.261 to 0.221. Eventually,

a ˛ value of 1.47% is obtained. We note JSC is not improved

so much although the light source power is increased by near

285 times, which is likely attributed to the large series resist-

ance for the device.

Figure 4(a) shows the photoresponse characteristics of

device C at zero bias. It is seen that the device can follow the

fast-varying optical signal with a response time less than

20 ms (limited by the instrument) and a response ratio Ilight/

Idark of �103, indicating that the electron-hole pairs could be

efficiently generated and separated in the GrNR/multi-

SiNWs Schottky solar cells. This result undoubtedly proves

the high quality of the junctions. Owing to the excellent sta-

bility and reproducibility, the devices may function as high-

performance photoswitches. Fig. 4(b) illustrates the energy

band diagram of the Schottky solar cell. Because of the work

function difference between the p-GrNR and the n-SiNWs, a

built-in potential with direction from the SiNW to the GrNR

is formed at the junction interface. Under light illumination,

photons can easily penetrate the transparent GrNR and irra-

diate on the SiNWs. Electron-hole pairs will be excited in

the SiNWs and then quickly separated by the built-in electric

field. The drift of the carriers results in the generation of the

photocurrent. For the n-SiNWs with higher doping level,

they should have smaller electron work function (USi). In a

rough estimation, the work function for device A, B, and C

could be deduced to be �4.47 eV, �4.29 eV, and �4.18 eV,

respectively.22 The decrease of the NW work function will

lead to a higher Schottky barrier with GrNR and, conse-

quently, the further strengthening of the built-in field; hence,

the photogenerated carriers could be separated more effi-

ciently before recombination, giving rise to a superior device

performance. The smaller series resistance also contributes

to the performance improvement. Above analysis explains

why the device performance relied on the doping level of the

SiNWs, and is consistent with previous report on the ZnO:Al

film/Si heterojunction solar cells.23 Note that the efficiency

of the device under AM 1.5G is still a little bit lower than

that of the multi-layer graphene film/SiNW array

(�2.86%).14 The reasons could be ascribed to (1) the large

sheet resistance of the monolayer GrNR. (2) inferior light

absorption ability for the SiNWs on the plane. Only a small

portion of light could be absorbed by the SiNWs, and most

of the light is lost through reflection. In contrast, the light

absorption in SiNW array is more efficient due to the light

trapping effect. However, the larger effective junction area

for the GrNR/multi-SiNWs solar cell still guarantees a mod-

erate efficiency for it. It is expected that the device perform-

ance could be further improved by enhancing the effective

light absorption, reducing the sheet resistance of the GrNR,

as well as minimizing the carrier recombination via surface

modification.24

In conclusion, GrNR/multi-SiNWs Schottky solar cells

were fabricated and their photovoltaic characteristics were

systemically investigated. By increasing the doping level of

the n-type SiNWs, solar cell with a large VOC of 0.59 V and

photoconversion efficiency up to 1.47% was achieved. The

devices also shows great potential as high-sensitive and

fast-responsive photoswitches. Our results demonstrate the

promise of GrNR/multi-SiNWs Schottky solar cells in the

applications of nano-optoelectronic devices.
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