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A B S T R A C T

Ge quantum dots (QDs) have been applied to increase the internal quantum efficiency (IQE) of a photodetector
up to 1500% at 400 nm and are expected to benefit the performance of solar cells. Ge QDs have been successfully
prepared on silicon-based solar cells using plasma enhanced chemical vapor deposition (PECVD) at temperature
lower than 300 °C. By adjusting the deposition time, RF power and H2-plasma treatment time, the Ge QDs are
optimized for obtaining the highest solar cell efficiency. It is found that the quantum efficiency of the solar cells
has been significantly improved by the presence of Ge QDs, particularly in the long wavelength range
(> 600 nm). As a result, the short-circuit current density (Jsc) is increased by 3.3%, and, consequently, the solar
cell efficiency is increased.

1. Introduction

The excessive exploitation of fossil fuels has brought humankind
into a series of crises. Not only are we exhausting all the energy re-
serves, but our world is being heavily polluted (Zhang et al., 2016;
Toshniwal and Kheraj, 2017). Fortunately, the sun provides in-
exhaustible free energy for the earth (Banerjee et al., 2012a,b; Jia et al.,
2017). In fact, the energy the earth receives from solar irradiation in an
hour is more than our global power consumption for an entire year
(Lewis and Nocera, 2006). Furthermore, solar cells have been used to
directly convert solar energy into electricity (Banerjee et al., 2012a,b).
There have been many kinds of solar cells developed, ranging from
relatively mature crystalline silicon (Si) based solar cells, gallium ar-
senide (GaAs) based high-efficiency cells, cadmium telluride (CdTe)
and copper indium gallium diselenide (CIGS) thin film cells, and more
advanced perovskite and organic solar cells, etc. (Yang et al., 2016; Liu
et al., 2015a,b)

In particular, the cost of crystalline-Si-based solar cells is so low that
they have taken over> 90% of the photovoltaic (PV) market (Kabir
et al., 2018; Ren et al., 2016). As the cost of the solar cells constitutes
only part (< 50%) of the cost of a large scale PV system (Polman et al.,
2016), increasing the cell efficiency becomes the most important key
driver for reducing the PV system cost. As a result, many advanced PV
materials and solar cells have been developed. For example, perovskite

has been developed with some amazing properties, such as low-cost
synthesis (Yang et al., 2015; Bella et al., 2016; Zhang et al., 2017), high
absorption coefficient, long carrier diffusion length, low exciton
binding energies and long-range ambipolar transport characteristics
(Liu et al., 2015a,b, 2016a,b; Bella et al., 2016; Galliano et al., 2016;
Bella et al., 2017a,b; Alkuam et al., 2017; Pintilie et al., 2017). During
only a few years, the perovskite solar cell efficiency has increased from
3.8% to 22.1% (NREL chart, 2017). As the thin film PV materials are
useful in flexible and lightweight solar cells, a niche market has arisen
separate from the large scale solar farms dominated by the heavy and
rigid crystalline silicon cells, and to address this niche, perovskite thin
films (Yang et al., 2016), organic and dye-sensitized solar cells (DSSCs)
have been developed (Shanti et al., 2016; Bella et al., 2016; He et al.,
2017).

Nonetheless, it is expected that Si will remain the most dominant
material for semiconductor and photovoltaic applications for the fore-
seeable future due to its low cost and other significant advantages, in-
cluding its abundance, non-toxicity, long-term stability, and mature
production technologies. It is recognized that an effective way to im-
prove the cell efficiency of Si-based solar cells is to use nano-structures
and nanoparticles that may offer enhancement through quantum effects
(Ren et al., 2015; Ferry et al., 2010; Peng et al., 2005; Huang et al.,
2011). For example, germanium quantum dots are found to have great
advantages due to their large Bohr radius (as large as 24 nm compared
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to 5 nm for Si (Li and Bohn, 2000; Peng et al., 2003; Perez-Wurfl et al.,
2012)), and therefore it is more likely for their quantum confinement
effects to be exploited for solar cells (Tayagaki et al., 2012, 2013) and
optoelectronics (Semonin et al., 2011). Unfortunately, due to photo-
carrier recombination, both the open-circuit voltage (Voc) and short-
circuit current (Jsc) of the Si solar cells incorporating Ge QDs show
significant reductions according to previous research (Cosentino et al.,
2015; Conibeer et al., 2008). A few techniques have been developed to
produce Ge QDs, some of which are colloidal synthesis (Lee et al., 2009;
Sukhovatkin et al., 2009; Vaughn et al., 2010), co-sputtering (Cosentino
et al., 2015; Nozik et al., 2010; Priolo et al., 2014), epitaxial growth
(Cariou et al., 2015), especially molecular beam epitaxy (MBE) and
various chemical vapor deposition (CVD) techniques, including ultra-
high vacuum (UHV) CVD, rapid thermal (RT) CVD, and atmospheric-
pressure (AP) CVD.

In general, the above processes require high temperatures. For ex-
ample, Ge QDs are often produced in a SiO2 matrix by thermal an-
nealing of a Ge-rich oxide layer or Ge/SiO2 multilayers, or by thermal
oxidation of a SiGe layer at over 700 °C (Baranwal et al., 2015), making
these processes incompatible with most solar cells. In this work, we
developed Ge QDs for high-efficiency single-crystalline Si solar cells.
The Ge QDs are successfully fabricated using a plasma enhanced che-
mical vapor deposition (PECVD) system on semi-finished mono-
crystalline silicon solar cells at low temperature. The Ge QDs were di-
rectly formed during thin film deposition at a temperature below
300 °C, and, therefore, by adjusting the deposition time, H2 dilution
ratio and H2-plasma treatment power, the properties of the Ge QDs can
be effectively controlled. The deposition process for growing the Ge
QDs has been optimized for improving the conversion efficiency of the
silicon solar cells.

2. Experimental details

Semi-finished single crystalline silicon solar cells prior the anti-re-
flection (AR) layer deposition were used for this study, and alkali ani-
sotropic etching has been performed on these cells. First, the solar cells
were immersed into a hydrofluoric acid (HF) solution for 2min to re-
move the native oxide layer, and then the rear electrodes were fabri-
cated. The back field contact was formed by the evaporation of alu-
minum on the backside of the sample, followed by annealing in an N2

atmosphere for 10min at 595 °C to form a good ohmic contact. The
front finger contacts were formed by silver deposition. The complete
cell structure is Al/crystalline silicon cell/Ge QDs/Ag, as shown in
Fig. 1. For analysis, the contact area of the solar cell was defined by the
Ag mask with an area of 1 cm2. The thicknesses of the Al and Ag layers
were controlled at 300 and 200 nm, respectively.

The Ge QDs were deposited using RF PECVD. A mixture of GeH4

(10% in H2) and H2 was used for preparing Ge QDs, with a gas flow
ratio of GeH4:H2 = 1:540, and subsequently, H2-plasma etching was
performed. The substrate temperature was maintained at 300 °C. The
chamber pressure was 2 Torr, and the RF power was 70W. The de-
position time, hydrogen dilution ratio and the duration of the H2-
plasma treatment were varied to tune the size of the QDs.

For atomic force microscope (AFM) and reflection tests, the Ge QDs
were prepared on a-SiGe:H thin films and crystalline silicon solar cells,
respectively. An atomic force microscope (AFM, Bruker, MULTIMODE
8) was used to study the surface morphology of the thin films. The Ge
QDs were observed using a Tecnai G2 F20 S-TWIN transmission elec-
tron microscope (TEM), while the Ge QDs sample for the TEM test was
prepared on a commercial carbon coated Cu grid. The external quantum
efficiency (QE) results were measured using the QE measurement
system (QTEST STATION 500TI, CROWNTECH). The optical reflection
(R) was measured using a Perkin-Elmer Lambda 950 UV–Vis-NIR
spectrometer with an integrating sphere. The light intensity was cali-
brated using a standard cell equipped with the system. The Jsc was
obtained from the integral of the product of the measured QE spectrum
and the AM 1.5 G spectrums. The current-voltage (I-V) characteristic of
a solar cell was measured using a KEITHLEY 2400 source-measure unit
under illumination intensity calibrated to the AM 1.5G spectrum (100
mWcm-2).

3. Results and discussion

3.1. Microstructure and optical properties of Ge QDs

Fig. 2A and B show AFM images of the a-SiGe:H films on the po-
lished silicon wafer without and with the Ge QDs, respectively. In
Fig. 2A, no QDs are observed, and the average size of clusters is esti-
mated to be ∼90 nm. In contrast, tiny Ge QDs with sizes of ∼2–7 nm
can be found on the surface of the a-SiGe:H in Fig. 2B, with surface
roughness of 0.693–1.17 nm.

Fig. 3 shows a representative TEM micrograph at low magnification.
It reveals that the Ge QDs are uniformly distributed on the surface with
diameters in the range of 2–5 nm, with an average of ∼3 nm (shown in
the inset of Fig. 3). More details of the microstructure of the Ge QDs can
be seen in the magnified TEM micrograph shown in Fig. 4A, in which
the diameter of the Ge QD is ∼4 nm, and the lattice fringes are clearly
resolved. Fig. 4B presents the profile for 8 fringes, with the spacing
measured as 0.1905 nm, corresponding to the (3 0 1) lattice plane of the
Ge crystal. Fig. S1 (Supplementary Material) shows XRD pattern of a Ge
QDs sample deposited on the intrinsic a-SiGe:H layer on stainless steel
substrate. There is a broad peak centered at 2θ= 27.28°, corresponding
to the (1 1 1) diffraction of the Ge cubic crystal structure (PDF # 04-
0545). Two other peaks at 2θ = 19.325° and 44.673° are (1 1 0) and
(2 0 0) diffractions of the stainless steel (PDF # 06-0696). It is clear that
Ge is a dominant element on this sample surface.

To investigate the effects of the Ge QDs optical characteristics on the
Si solar cells, reflection spectra were measured for the cells coated with
Ge QDs, as shown in Fig. 5. For comparison, a sample without the Ge
QDs has been prepared. Fig. 5 shows that the bare Si sample exhibits a
higher total reflection than those with the Ge QDs in the long wave-
length range of> 600 nm. As the QDs deposition time is increased, the
reflection decreases, and the minimum value is attained at a deposition
time of 60 s. However, for wavelengths below 600 nm, the diffusion
increases with increased Ge QDs deposition.

3.2. Si solar cells containing Ge QDs

(1) Effect of the deposition time

In this experiment, a series of solar cells were fabricated with Ge
QDs deposition times of 30, 60 and 90 s. The QE measurement was

Fig. 1. The schematic diagram of the structure of the solar cell containing Ge
QDs.
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