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Boron-doped silicon film as a recombination layer in the tunnel junction
of a tandem solar cell∗
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Abstract: Boron-doped hydrogenated silicon films with different gaseous doping ratios (B2H6/SiH4) were de-
posited in a plasma-enhanced chemical vapor deposition (PECVD) system. The microstructure of the films was
investigated by atomic force microscopy (AFM) and Raman scattering spectroscopy. The electrical properties of the
films were characterized by their room temperature electrical conductivity (σ) and the activation energy (Ea). The
results show that with an increasing gaseous doping ratio, the silicon films transfer from a microcrystalline to an
amorphous phase, and corresponding changes in the electrical properties were observed. The thin boron-doped sili-
con layers were fabricated as recombination layers in tunnel junctions. The measurements of the I–V characteristics
and the transparency spectra of the junctions indicate that the best gaseous doping ratio of the recombination layer is
0.04, and the film deposited under that condition is amorphous silicon with a small amount of crystallites embedded
in it. The junction with such a recombination layer has a small resistance, a nearly ohmic contact, and a negligible
optical absorption.
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1. Introduction

Tandem solar cells have attracted extensive interest be-
cause of their high conversion efficiency and better stability
compared to their single junction counterparts. They incorpo-
rate one or more tunnel junctions at the interface of n and p
type layer of the adjacent top and bottom cells. These tunnel
junctions have rectifying properties and will inhibit the car-
rier transport[1]. In order to fabricate an efficient tandem solar
cell, it is important to design and fabricate good n/p junctions
that allow very high recombination rates, pass current under
reverse bias with a low resistance, have negligible optical ab-
sorption, and should be easily integrated into the multijunction
deposition process[2, 3].

The transport mechanism in a “tunnel junction” is non-
local recombination. In non-local recombination, electrons
and holes from different locations tunnel to a defect state and
recombine. For non-local recombination, the defect state den-
sity in the middle region of the tunnel junction should be
high in order to increase the recombination rate. Therefore,
intentionally making a thin recombination layer with a high
defect state density can improve the tunnel junction carrier
transport[4]. In the past, two approaches have evolved for mak-
ing an effective recombination layer. The first is to insert a
thin layer of a wide band gap foreign material[5, 6]. Wide band
gap foreign materials have a high optical transparency and are
nearly metallic, thus, providing ample carriers for recombi-
nation. However, these materials are typically deposited by

electron beam evaporation, which is not compatible with the
plasma enhanced chemical vapor deposition (PECVD) pro-
cessing of monolithic tandem solar cells. The second approach
is to insert a thin layer of heavily doped amorphous silicon[3].
The advantage of this method is that its technology is com-
patible with the PECVD processing of monolithic tandem so-
lar cells[4]. It is well known that doping can modulate the mi-
crostructures and the optoelectronic properties of the films. It
is necessary to investigate the microstructures of p type films
with different gaseous doping ratios and their influence on film
properties to look for a better material as the recombination
layer.

In this work, a series of boron-doped hydrogenated sili-
con films with different gaseous doping ratios were deposited
and investigated by atomic force microscopy (AFM), Raman
scattering spectroscopy, and electrical property measurements.
Tunnel junctions with a thin recombination layer of differ-
ent gaseous doping ratios were fabricated and characterized in
terms of their I–V behavior and transparency spectra. The op-
timum deposition condition for the recombination layer was
found. The tunnel junction with such a recombination layer
has the advantages of a small resistance, a near ohmic contact,
and a negligible optical absorption.

2. Experimental details

Boron-doped hydrogenated silicon films were deposited
in a three-chambered capacitive coupled radio-frequency (RF
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Table 1. Deposition parameters of the n layer and the p layer of the tunnel junctions.
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of 13.56 MHz) PECVD system. The reaction gases were H2,
SiH4 (100%), and B2H6 (0.5%, diluted by H2). The hydrogen
dilution ratio (SiH4/H2) was fixed at 1/100. The gaseous dop-
ing ratios (B2H6/SiH4) were 0, 0.01, 0.02, 0.025, 0.03, 0.04,
and 0.08, respectively. The technological parameters are se-
lected as follows: an electrode area of 10 × 10 cm2, an elec-
trode spacing of 20 mm, a background pressure of 1 × 10−4 Pa,
a substrate temperature of 70 ◦C, an RF power of 100 W, and
a reaction gas pressure of 600 Pa. The substrates were glass
and quartz wafers for optical and electrical measurements. A
hydrogen plasma was used to clean the substrates for 5 min
before the film deposition. The surface morphology was mea-
sured by using a Solver P47 AFM.

The Raman scattering spectra were tested at room tem-
perature by using a Renishaw-RM-1000. The test system em-
ploys an argon ion laser beam (514.5 nm), the spot power den-
sity of which is smaller than 100 kW/cm2 to prevent crys-
tallization of the films. Then coplanar aluminum electrodes
were deposited on the samples with a quartz substrate for the
measurement of the electrical conductivity. Four tunnel junc-
tions were fabricated to determine the optimum gaseous dop-
ing ratio of the recombination layer. Sample A is a standard
n/p junction and its structure is “stainless steel/p uc-Si:H/n a-
Si:H/ITO”. Samples B, C, and D have a recombination layer
of different gaseous doping ratios inserted between the n and
p layers. Their structures are “stainless steel/p uc-Si: H/p+ re-
combination layer/n a-Si: H/ITO”, and the gaseous doping ra-
tios of the recombination layer are 0.02, 0.04, and 0.08, re-
spectively. The thicknesses of the recombination layers, the n
layers, and the p layers are about 2, 50, and 10 nm respectively.
Other deposition parameters are listed in Table 1. Indium tin
oxide (ITO) dots (0.07 cm2) were deposited on the p-layer as
the front electrode by a RF magnetron sputtering technique.
The current versus voltage characteristics and the transparency
spectra of the tunnel junctions were measured.

3. Results and discussion

3.1. Microstructures of the boron-doped silicon films

Figure 1 shows the Raman spectra of the films with dif-
ferent gaseous doping ratios R. It can be seen from the figure
that the film gradually evolved from microcrystalline silicon to
amorphous silicon with increasing R. When R is low, the film
appears to be typical microcrystalline silicon. With increasing
R, the crystalline peak dies away, while the amorphous peaks
become prominent. It is obvious that boron-doping can sup-
press the formation of microcrystalline silicon and influence
the microstructure of the film[7−11].

Fig. 1. Raman spectra of the silicon films with different gaseous dop-
ing ratios.

Figure 2 shows the AFM morphology images of the
films with different gaseous doping ratios R. The figure shows
that the surface morphology varies with increasing R. Yan
et al.[12] compared conductive-atomic force microscopy (C-
AFM) images with AFM morphology images and found that
the hill-like structures were clusters formed by aggregated
small nanocrystallites, and the flat areas were amorphous re-
gions. We would suppose that the hill-like structures on our
sample surface are also clusters formed by aggregated small
nanocrystallites. For an undoped film, the surface is densely
packed by crystallites with a uniform size of about 50 nm. The
crystallites gradually aggregated into clusters with increasing
R until R = 0.02 (in image c), at which point only clusters can
be seen. It is worth noting that when R increased to 0.025 (in
image d), all the clusters disappeared, and a few crystallite ap-
peared on the amorphous silicon background. Subsequently,
the amount of the crystallites decreased with increasing R. In
the last image (in image f), almost the whole film turned into
the amorphous phase. This result is consistent with that of the
Raman spectra mentioned above.

3.2. Analysis of the electrical properties

Figure 3 shows the room temperature electrical conduc-
tivityσ of the films as a function of the gaseous doping ratio R.
It can be seen that with increasing R, the electrical conductiv-
ity first increased slightly, then decreased rapidly, followed by
a plateau. The R dependence of the electrical conductivity can
be understood by considering two aspects. One is the effect of
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Fig. 2. AFM images of the morphology of the samples with different gaseous doping ratios: (a) 0; (b) 0.01; (c) 0.02; (d) 0.025; (e) 0.04; (f)
0.08.

Fig. 3. Electrical conductivity versus R.

boron-doping; another is the influence of the microstructure.
Boron-doping can increase the carrier density and increase the
conductivity; on the other hand, a part of the boron atoms in-
troduced into the silicon network can act as scattering cen-
ters and reduce the conductivity[13]. This might be one of the
reasons for the complex structure of the σ–R curve. Never-
theless, the dominant factor is most likely the change in the
microstructure, as can be seen in Figs. 2 and 3. The sudden
drop of the conductivity occurred just where the morphology
itself shows a sharp change, which is a transition from micro-
crystalline to amourphous silicon.

Figure 4 shows the activation energy Ea of the films as
a function of R. Ea first decreases, then increases with increas-
ing R. The trend of Ea is consistent with that of the electrical
conductivity. The decrease of Ea at the beginning is obviously
caused by boron-doping. The sudden rise could be attributed
to the transition from microcrystalline to amorphous silicon,
where the doping efficiency of boron is much lower than that
of microcrystalline silicon, and, consequently, the Fermi level
moves back towards the midgap.

In addition, the incorporation of boron atoms might be

Fig. 4. Activation energy versus R.

beneficial to the increase of the concentration of recombina-
tion centers, because the dangling bond density is proportional
to the square root of the impurity content. In addition, the ef-
fect of a distortion in the vicinity of the impurity, caused by
the incorporation of a high concentration of atoms with coor-
dination 3, can create Si–Si weak bonds and a certain quantity
of dangling bonds[14].

3.3. Fabrication of the recombination layer in the tunnel
junction

To find an effective recombination layer for the tunnel
junctions, the layer must possess both a small resistance and
a high defect density. However, boron-doping has opposite ef-
fects on them, so we must find a balance.

A series of tunnel junctions were fabricated. Sample A
is a tunnel junction without a recombination layer; samples B,
C, and D are tunnel junctions with recombination layers (R =
0.02, 0.04, and 0.08, respectively).

The tunnel junctions were characterized by their I–V
curves at room temperature. As shown in Fig. 5, the tunnel
junction without a recombination layer does have a rectify-
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Fig. 5. I–V characteristics of the tunnel junctions. Sample A is the
standard n/p junction; samples B, C, and D have a recombination
layer inserted between the n and p layers. The gaseous doping ratios
are 0.02, 0.04, and 0.08, respectively.

ing property. The rectifying effect of the other tunnel junctions
depends on the gaseous phase doping ratio. Sample C has the
smallest resistance and almost no rectifying effect, offering a
nearly ohmic contact. The transparency spectra showed that
the absorption losses in the recombination layer are negligible.
Therefore, the best gaseous doping ratio of the recombination
layer is 0.04. The film deposited under that condition is amor-
phous silicon with a small amount of crystallites embedded in
it.

4. Conclusion

A series of boron-doped hydrogenated silicon films with
different gaseous doping ratios R were deposited and investi-
gated by AFM, Raman scattering spectroscopy, and electrical
property measurements. With increasing gaseous doping ra-
tios, the silicon films transfer from a microcrystalline to an
amorphous phase, and corresponding changes in the electrical
properties were observed. The measurements of the I–V char-
acteristics and the transparency spectra for the tunnel junction
with a recombination layer indicated that the best gaseous dop-
ing ratio R is 0.04. The film deposited under that condition is
amorphous silicon with a small amount of crystallites embed-
ded in it. The tunnel junction with such a recombination layer
has the advantages of a small resistance, a nearly ohmic con-
tact, a negligible optical absorption, and compatible with the
multijunction deposition process.
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