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p- and n-type microcrystalline silicon oxide (wc-SiO,:H) for
applications in thin film silicon tandem solar cells!

V. Smirnov, A. Lambertz, S. Tillmanns, and F. Finger

Abstract: We report on the development and application of p- and n-type hydrogenated microcrystalline silicon oxide (pc-
SiO,:H) alloys in tandem thin film silicon solar cells. Our results show that the optical, electrical, and structural properties of
wc-SiO,:H can be conveniently tuned over a wide range to fulfil the requirements for solar cell applications. We have shown that
adding of PH; gas during deposition tends to increase crystallinity of uc-SiO,:H layers, while additional trimethylboron (TMB)
tends to suppress crystalline growth. When applied in tandem solar cells, both p- and n-type pn.c-SiO,:H lead to a remarkable
increase in the top cell current. Taking advantage of low refractive index and high optical band gap of uc-SiO,:H allows the
achievement of high efficiencies of 13.1% (initial) and 11.8% (stabilized).

PACS Nos.: 88.40.hj, 88.40.jj, 78.66.]g.

Résumé : Nous discutons du développement et de l'utilisation d’alliages d’oxyde de silicium microcristallin (uc-SiO,:H) hy-
drogéné de types p et n, en tandem avec des films minces de silicium comme cellules solaires. Nos résultats montrent que les
propriétés optiques, électriques et structurales du pc-SiO,:H peuvent étre ajustées sur un large domaine, afin de remplir les
exigences d’applications en tant que cellules solaires. Nous montrons que I’ajout de PH, pendant ’opération de dép6t augmente
la cristallinité des couches de c-SiO,:H, alors que ’ajout de TMB la diminue. Lorsque utilisés en tandem comme cellules solaires,
les deux types, p et n de pc-SiO,:H ménent a une augmentation remarquable du courant. Prenant avantage d’un faible indice de
réfraction et d’une large bande interdite optique, nous atteignons des rendements (initial) de 13.1% et de 11.8 % (stabilisé). [Traduit

par la Rédaction]|

1. Introduction

As a wide optical gap material, microcrystalline silicon oxide
(rc-SiO,:H) has been the subject of research as a material for pho-
tovoltaic applications [1-10]. wc-SiO,:H, being a two phase mate-
rial, is a mixture of microcrystalline silicon (wc-Si:H) and
amorphous silicon oxide (a-SiO,:H) [5, 6]. The properties of pc-
SiO,:H thin films are influenced by the doping, crystalline frac-
tion, and the oxygen content. Optical band gap (E,,), refractive
index (n), crystallinity (Igs), and conductivity can be modified
over a wide range by varying gas flows during material growth.

Here we present the development and application of p- and
n-type uc-SiO,:H alloys, prepared over a wide range of composi-
tions, for application in tandem junction thin film silicon solar
cells. We show that p-type as well as n-type pc-SiO,:H alloys with
enhanced optical band gap energy, low refractive index, and suit-
able electrical properties are beneficial for usage in tandem solar
cells. In the case of tandem devices, the n/p contact between amor-
phous silicon (a-Si:H) and pc-Si:H component cells can be substi-
tuted by pc-SiO,:H doped layers [2, 5-10] to enable reflection of
short wavelength light back to the top (a-Si:H) cell because of a
step in refractive index. This enhances the top cell current with-
out an increase in the thickness of the a-Si:H absorber layer. Ad-
ditionally the n-type pc-SiO,:H can be applied as an n-layer of the
wc-Si:H bottom cell leading to reduced parasitic absorption. With
the aid of n.c-SiO,:H doped layers, high efficiencies 0f13.1% (initial)
and 11.8% (stabilized) were achieved in the present work, for tan-
dem solar cells.

2. Experimental

p- and n-type pc-SiO,:H layers were deposited using the radio
frequency (13.56 MHz) plasma enhanced chemical vapour deposi-
tion technique at 185 °C substrate temperature and a power of
50 W, using a mixture of silane (SiH,), hydrogen (H,), and carbon
dioxide (CO,) gases. Trimethylboron (TMB) phosphine (PH,) gases
were used for p- and n-type doping, respectively. The layers were
deposited at varied CO, flow ratio r., defined as the ratio be-
tween the CO, flow and the SiH, flow. Additional details on the
deposition conditions can be found elsewhere [7-10]. Optical and
electrical properties of these layers were investigated by photo-
thermal deflection spectroscopy and conductivity measurements,
respectively. Conductivity measurements were performed on
films equipped with coplanar electrodes 5 mm in lengths sepa-
rated by a 0.5 mm gap. The structural properties of nc-SiO,:H
layers were probed using Raman spectroscopy. The ratio of inte-
grated intensities attributed to crystalline and amorphous re-
gions, Izs = I/(I. + I,) was used as semiquantitative value of the
crystalline volume fraction [11].

wc-SiO,:H layers were subsequently used as an intermediate
reflector and as an n-layer of the pc-Si:H bottom cell in tandem
solar cells. Silicon thin films were deposited using the plasma
enhanced chemical vapour deposition technique using either ra-
dio frequency (p-, i-, n-layers of the top cell, and n-layer of the
bottom cell) or very high frequncy (94.7 MHz, p- and i-layers of the
bottom cell) excitation. Solar cells were deposited on SnO,:F
coated glass substrates from the Asahi Glass Company (type VU).
Additional details on the preparation of the solar cells can be
found in refs. 9 and 11. Solar cells were characterised by current—
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Fig. 1. Crystallinity (Igs) of pc-SiO,:H films prepared at varied
(a) PH; flow, and (b) TMB flow, presented as a function of r¢q,.
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voltage (J-V) measurements under AM 1.5 illumination using a
double source (Class A) sun simulator, and by quantum efficiency
(QE) measurements, additional details are given in ref. 9. The light
soaking of the solar cells was performed at 55 °C in the open
circuit condition, using metal halide lamps with an intensity of
1000 W/m? in the sample plane and a class B spectrum [12].

3. Results

3.1. Material properties

Figure 1 presents the crystallinity (Igs) of pnc-SiO,:H films, as a
function of r,, depending on the PH; (Fig. 1a) and TMB (Fig. 1b)
flows. It is seen that Iz decreases with increasing ., for all of
the series of dopant gas flows. In the case of n-type j.c-SiO,:H films,
an increase in PH; flow results in an increase in (Icgg) at a given
T'coo- FOr example, in the case of the layers prepared at high r, of
1, (Icgs) increases from around 25% up to around 70% with increas-
ing PH; flow from 0 up to 0.04 sccm. In contrast, an increase in
TMB flow (Fig. 1b) results in the reduction of crystallinity at a given
Tcop Tatio.

The corresponding dark conductivity values are presented in
Fig. 2 versus the optical band gap (E,,). Such presentation serves as
a figure of merit for the suitability for the materials for applica-
tions in tandem solar cells. For both n- and p-type p.c-SiO,:H films
(Fig. 2a and 2b, respectively) the general trend indicates a reduc-
tion in dark conductivity with increasing optical band gap (E,,):
O qark Teduces from around 10 S/cm down to below 10-12 S/cm with
increasing E,, from 1.9 to 2.9 eV (2.6 eV) in the case of n-type (p-
type) nc-SiO,:H films.

3.2. Tandem a-Si:H/pc-Si:H solar cells

A schematic structure of the a-Si:H/p.c-Si:H tandem solar cells
with integrated p- and n-type doped p.c-SiO,:H material is shown
in Fig. 3. Selected n- and p-type wc-SiO,:H layers were subsequently
used as an intermediate reflector between a-Si:H and p.c-Si:H com-
ponent cells and additionally as an n-type contact layer (n2) in
wc-Si:H bottom cell. The properties of these layers are listed in
Table 1.

The resulting current densities calculated from the external
QEs of the a-Si:H top cell (Jog 1o,) and of the pc-Si:H bottom cell
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Fig. 2. Dark conductivity (04,,4) and optical band gap (E,,) of

(a) n-type and (b) p-type wnc-SiO,:H layers. The changes in refractive
index (n) indicated by arrows at the top. Dashed areas indicate the
region of oy, > 1075 Sjcm.
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Fig. 3. Schematic diagram of a tandem solar cell. n1, p2, and n2
refer to n-layer of top cell, p-layer of bottom cell, and n-layer of
bottom cell, respectively. The thickness of individual doped layers is
around 25 * 5 nm. The layers n1 and p2 form the n/p junction and
act as an intermediate layer with a thickness of 50 + 10 nm. The
thicknesses of the intrinsic layers are around 400 and 3200 nm in
the case of top and bottom cells, respectively.

a-Si:H top cel

/\/\/\/\/\/\/\. nl

p2
pc-Si:H bottom cell
S~ n2

Zn0O/Ag

Table 1. Properties of uc-SiO,:H layers used in tandem solar cells: dark
conductivity (og,,4), optical bandgap (E,,), and refractive index (n).

Layer O garc (Slcm) Egy (eV) n

nl 10-3 2.25-2.30 2.3-2.4
p2 10-3 2.25 2.5

n2 102 2.25 2.5

(Jqg.Bot) @and also the sum of both cells (Jog s,m) are shown in Fig. 4
for various cell structures, where the legend on the x-axis denotes
the parts of the tandem solar cell where the uc-SiO,:H was uti-
lized.

Figure 4 shows in the case of the standard tandem cell, where no
nc-SiO,:H layer is used (“no SiO,”, cell 1), the current densities of the
top and bottom cells (Jop top and Jog por) are 13 and 14.2 mAfcm?,
respectively. For this cell the current matching requirements are not
fulfilled because Jqp 1o, is 1.2 mAjcm? lower. The next solar cell,
which has “pc-SiO,:H as n1” (cell 2) with a refractive index of 2.3 as

< Published by NRC Research Press
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Fig. 4. Current densities calculated from the quantum efficiency for
(squares) top cells, Jo op; (circles) bottom cells, Jop por; and
(triangles) sum, Jog sum, for various cell structures. The application
of the doped pc-SiO,:H layers is described along the x-axis of the
graph, corresponding to the solar cell numbers from 1to 5 as
indicated on the top.
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Application of uc-SiO :H layers

the intermediate reflector, Jog 1, i increased to 14.2 mAjcm? and
Jok ot decreased to 12.1 mAjcm?.

In a tandem solar cell with a p-type intermediate reflector
(marked as “p2” in Fig. 4), the Jo 1, decreases to 13.7 mA/cm? and
the Jog por iNCTeases to 13 mA/cm? with respect to the previously
mentioned cell. In the next solar cell (cell 4), n- and p-type pc-
SiO,:H are combined as an intermediate reflector in the n/p tunnel
recombination junction (n1 + p2) of the tandem cell. Cell 5 has an
additional p.c-SiO,:H layer as the n-layer of the bottom cell (n2) dem-
onstrating a significant improvement in the Jog o a0d Jog sum- The
QE curves of this solar cell are compared with a reference tandem
solar cell (without p.c-SiO,:H) in Fig. 5. It can be seen that in the case
of the solar cell with pc-SiO,:H layers, QE of the top cell is enhanced
in the wavelength region between 500 and 750 nm and QE of the
bottom cell is enhanced in the wavelength region above 900 nm.

4. Discussion

The link between dark conductivity (o 4,,), crystallinity (Icgs),
and optical gap (E,,) is evident from Figs. 1 and 2. The results
indicate that when r.,, increases, Iz decreases while E,, in-
creases, leading to a reduction of o4, in agreement with previ-
ous reports [7-9]. In the case of p-type wc-SiO,:H films, a strong
reduction in Ixg with increasing TMB flow is observed (Fig. 1a),
indicating that the microcrystalline growth is suppressed by bo-
ron incorporation. Such behaviour is also known for the p-type
wc-Si:H [13]. In contrast, in the case of phosphorous doping, an
improvement of crystallinity at a given r.g, is observed. An in-
crease of the wc-Si:H fraction with increasing the phosphine flow
can also be found in the literature [14] for pc-Si:H.

For the applications of doped p.c-SiO,:H in thin film solar cells,
a sufficient dark conductivity above 10-> S/cm is required [9] as
indicated by the dashed area in Fig. 3. The trade-off between elec-
trical and optical properties is also evident in Fig. 3. While the
material with high E,, would be optically favourable to be used as
doped layers in solar cells because of reduced parasitic absorp-
tion, the electrical properties of such wc-SiO,:H layers are rather
poor. That is why the layers with intermediate values of E,, (see
Table 1) were selected for incorporation in tandem solar cells.

Can. J. Phys. Vol. 92, 2014

Fig. 5. QE and (1 - R) curves for tandem solar cells (solid line) with
and (dashed line) without pc-SiO,:H layers. The numbers show the
gain in the current densities of top cells ], 1o, and total current
JoE sum because of pnc-SiO:H layers.
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The favourable effect of the optical properties of wc-SiO,:H is
evident in Fig. 4. It is seen that both p- and n-type .c-SiO,:H, when
used as an intermediate reflector between the subcells, result in
an increase in the top cell current. This can be related to a low
refractive index, n, of uc-SiO,:H (see Table 1), enhancing the reflec-
tion of short wavelength light into the top cell [2-5]. This is also
accompanied by a reduction in ], g, Of the bottom cells, indicat-
ing a so-called “current transfer” from bottom to top component
cells (enhanced absorption of light in the top cell and correspond-
ing reduced absorption of light in the bottom cell, resulting in an
increase in Jog 1o, and a corresponding reduction in Jqp po)- The
lower J o5 1op Of cell 3 (Where a p-type pc-SiO,:H layer is used) with
respect to a solar cell 2 (where an n-type pc-SiO,:H layer is em-
ployed) is most likely related to the slightly higher refractive in-
dex, n, of 2.5 (see Table 1). In turn, an increase in J o, po 0f cell 3 can
be attributed to the reduced parasitic absorption, visible in the
cell reflection curves as discussed in ref. 9. In the case of cell 4,
JaE ot 18 slightly increased relative to cell 3, while Jop, g, Of cells 3
and 4 remain at a similar level because of slightly reduced top cell
current Jop op Of cell 4. The Jop poe Of the bottom cell can be
improved when an n2 uc-SiO,:H layer is used instead of a standard
a-Si:H n-layer. In the case of the tandem cell 5, where n1, p2, and
n2 pc-SiO,:H layers are used, the total current of the solar cell is
improved up to 27.8 mA/cm?, as evident in Fig. 5. It shows that
implementation of n1 and p2 wc-SiO,:H layers results in the in-
crease in the top cell current (Jop 1,p) Dy 0.8 mA/cm?, while n2
ne-Si0,:H layer is responsible for the improvement in (Jog pot) at
the wavelength range above 820 nm, consistent with reduced cell
reflection in this wavelength range. We note that in the case of
cell 5, a slight increase in cell reflection, R (see Fig. 5), is observed
at the wavelengths between 450 and 620 nm and between 700 and
750 nm. A similar effect on reflection has been reported in ref. 10.
Figure 5 indicates a gain in the total current of the tandem cell
(JqE,sum) by 0.55 mA/cm? relative to the reference solar cell with-
out p.c-SiO:H layers. A part of the reduction in (o po) could be
assigned to the increased cell reflection as noted earlier. This solar
cell, prepared with n1, p2, and n2 wc-SiO,:H layers shows a high
initial efficiency of 13.1%, and 11.8% after 1000 h of light soaking.
The J-V characteristics of this solar cell, measured with antireflec-
tion coating, in the initial and stabilized performance are summa-
rized in Table 2.

< Published by NRC Research Press



Can. J. Phys. Downloaded from www.nrcresearchpress.com by 134.94.252.208 on 07/20/14
For personal use only.

Smirnov et al.

Table 2. J-V characteristics: efficiency (7), fill factor (FF), open circuit
voltage (V). and short circuit current density (Jsc) of a tandem solar
cell with wc-SiO,:H layers in the initial and degraded (after 1000 h)
conditions.

m (%) FF (%) Voc (V) Jsc (mAfcm?)
Initial 131 71.0 1.33 13.9
Stabilized 11.8 64.7 1.33 13.6

5. Conclusion

Electrical, optical, and structural properties of p- and n-type
wc-SiO,:H were investigated over a wide range of properties with
respect to photovoltaic applications. We have found that at a
given r¢q,, adding of PH; gas tends to increase crystallinity of the
wc-SiO,:H layers, while TMB tends to suppress crystalline growth.
Our results demonstrate that the properties of doped pc-SiO,:H
can be conveniently adjusted to fulfil various requirements for
applications in tandem solar cells. A remarkable increase in top
cell current and overall efficiency because of incorporation of
both p- and n-type nc-SiO,:H layers demonstrate the suitability
and high potential of wc-SiO,:H as a functional layer in tandem
devices. High efficiencies of 13.1% (initial) and 11.8% (stabilized)
were achieved for tandem solar cells with doped .c-SiO,:H layers.
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