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Hydrogenated amorphous silicon oxide (a-SiOx:H) single junction solar cell
with 8.8% initial efficiency by reducing parasitic absorptions
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Laboratory of Photovoltaic Materials and Devices, Delft University of Technology, 2628 CD Delft,
the Netherlands
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Hydrogenated amorphous silicon oxide (a-SiOx:H) solar cells have been successfully implemented

to multi-junction thin film silicon solar cells. The efficiency of these solar cells, however, has still

been below that of state-of-the-art solar cells mainly due to the low Jsc of the a-SiOx:H solar cells

and the unbalanced current matching between sub-cells. In this study, we carry out optical simula-

tions to find the main optical losses for the a-SiOx:H solar cell, which so far was mainly optimized

for Voc and fill-factor (FF). It is observed that a large portion of the incident light is absorbed

parasitically by the p-a-SiOx:H and n-a-SiOx:H layers, although the use of these layers leads to the

highest Voc � FF product. When a more transparent and conductive p-nc-SiOx:H layer is

substituted for the p-a-SiOx:H layer, the parasitic absorption loss at short wavelengths is notably

reduced, leading to higher Jsc. However, this gain in Jsc by the use of the p-nc-SiOx:H compromises

the Voc. When replacing the n-a-SiOx:H layer for an n-nc-SiOx:H layer that has low n and k values,

the plasmonic absorption loss at the n-nc-SiOx:H/Ag interfaces and the parasitic absorption in the

n-nc-SiOx:H are substantially reduced. Implementation of this n-nc-SiOx:H leads to an increase of

the Jsc without a drop of the Voc and FF. When implementing a thinner p-a-SiOx:H layer, a thicker

i-a-SiOx:H layer, and an n-nc-SiOx:H layer, a-SiOx:H solar cells with not only high Jsc but also

high Voc and FF can be fabricated. As a result, an 8.8% a-SiOx:H single junction solar cell is suc-

cessfully fabricated with a Voc of 1.02 V, a FF of 0.70, and a Jsc of 12.3 mA/cm2, which is the high-

est efficiency ever reported for this type of solar cell. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979690]

I. INTRODUCTION

Hydrogenated amorphous silicon oxide (a-SiOx:H) has a

higher energy band gap (Eg) than typical hydrogenated

amorphous silicon (a-Si:H), and therefore, a-SiOx:H solar

cells can convert high energy photons more efficiently into

electricity with reduced thermalization loss. Consequently,

a-SiOx:H single-junction solar cells (SJSCs) can show a rela-

tively higher open-circuit voltage and fill-factor product (Voc

� FF) than typical a-Si:H SJSCs, provided the defect density

induced by oxygen incorporation remains sufficiently low.

Various studies have shown the successful development of

decent quality intrinsic and doped a-SiOx:H layers and sub-

sequently these optimized a-SiOx:H layers have been exten-

sively applied to SJSCs, double-junction solar cells (DJSCs),

triple-junction solar cells (TJSCs), and quadruple-junction

solar cells (QJSCs) in the past few years.1–5 These a-SiOx:H

solar cells have shown outstanding solar-cell performance in

terms of Voc � FF and their light-induced degradation was

comparable to that of typical a-Si:H solar cells. From theo-

retical calculations, it was concluded that the Eg of the opti-
mized a-SiOx:H absorber layers is close to the ideal Eg

needed for the top-cell of TJSCs if the Eg of a bottom-cell is

fixed at 1.1 eV, which roughly corresponds to the Eg of

hydrogenated nano-crystalline silicon (nc-Si:H).4,6 In this

case, the TJSC can reach its maximum efficiency with the

top-cell Eg of 2.0�2.3 eV and the middle-cell Eg of

1.40�1.50 eV. The former corresponds to the Eg of a-SiOx:H

and the latter corresponds to the Eg of hydrogenated amor-

phous silicon germanium (a-SiGe:H). Yan et al. reported the

world record initial efficiency of 16.3% for Si-based thin

film TJSCs with the structure of a-Si:H/a-SiGe:H/nc-Si:H.7

Considering the optimum band gap combination, the effi-

ciency can be, in principle, increased further by the use of an

a-SiOx:H top-cell instead of an a-Si:H top sub-cell. In addi-

tion, such a high Voc a-SiOx:H solar cell can be a very inter-

esting option when implemented in 4-terminal tandem solar

cells.8 However, the improvement can be achievable only

when the a-SiOx:H top-cell generates enough photocurrent

and, for a multijunction solar cell, current matching between

all sub-cells is realized in the final device. In our previous

work,4 we observed that the performance of optimized
a-SiOx:H solar cells deteriorated considerably when the

absorber layer thickness increases, while the influence of the

absorber layer thickness on typical a-Si:H solar-cell perfor-

mance is not as strong.9 It was observed that the Jsc of a-

SiOx:H solar cells first increased as the thickness of a-SiOx:H

absorber layers increased but rapidly dropped when the

thickness increases beyond a certain critical value. The Voc

� FF product of a-SiOx:H solar cells also tended to drop con-

tinuously with increasing absorber-layer thickness resulting

in low efficiency. For this reason, the thickness of a-SiOx:H

solar cells could be varied only in a limited range (up to
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200�250 nm), which limited the possibility to increase the

photocurrent of a-SiOx:H solar cells. In addition, it is also

well-known that light degradation becomes more significant

with thicker absorbers.9,10 In order to increase the Jsc of a-

SiOx:H solar cells further while maintaining the Voc � FF

product as high as possible with the limited absorber thick-

ness, it is necessary to make the best use of the incident

sunlight with the least photon loss. Therefore, in this contri-

bution, we show how we have reduced parasitic absorption

in the solar cell in order to obtain higher Jsc while maintain-

ing the Voc � FF product. For this purpose, different amor-

phous and nanocrystalline p- and n-type SiOx:H layers

having distinct optical constants and electrical properties are

compared and employed in solar cells. We also carried out

optical simulations of a-SiOx:H solar cells to find out which

photons do not contribute to the Jsc of solar cells but are lost

for energy conversion through reflection and parasitic

absorption. In this way, the full potential of optimized
a-SiOx:H solar cells is evaluated and breakthroughs for higher

Jsc are presented and discussed. The electrical properties of

devices are simultaneously evaluated as well so that the opti-

cal gain does not compromise the electrical performance of

a-SiOx:H single-junction solar cells.

II. EXPERIMENTAL DETAILS

In this study, the a-SiOx:H single junction solar cells

were fabricated with the following p–i–n structure: Asahi

VU (SnO2:F)/10 nm ZnO:Al/p-SiOx:H/i-a-SiOx:H (buffer)/

i-a-SiOx:H (absorber)/n-SiOx:H/metal; the back metal con-

tact consists of a stack of 150 nm Ag, 30 nm Cr, and 300 nm

Al. On top of the SnO2:F (the top transparent conductive

oxide (TCO)), a 10-nm thick ZnO:Al layer was deposited,

because the intense H2-rich plasma can lead to the formation

of oxygen-depleted surface regions (Sn precipitation) in the

SnO2:F layer during p-type layer deposition,11 which can

degrade the solar cell performance. All SiOx:H layers were

fabricated by radio frequency (RF, 13.65 MHz) plasma-

enhanced chemical vapor deposition (PECVD). The detailed

deposition conditions of doped and intrinsic a- and nc-

SiOx:H layers used to fabricate solar cells in this study are

tabulated in Table I.

All solar cells were fabricated with the same buffer (B)

and absorber (I) layers, but with different doped layers

among P1, P2, N1, and N2. The combination of doped layers

used for solar cells will be clearly stated throughout this

manuscript. Note that for P2 a very high PRF of 245 mW/

cm2 was used to achieve high crystallinity. The i-a-SiOx:H

absorber (I) used in this study contains an oxygen concentra-

tion of 3�5 at.% and has an optical band gap at an absorp-

tion of 104 cm–1 (E04) of 2.1 eV.3 So far, this I has been

employed successfully in various single- and multi-junction

thin film silicon solar cells as an absorber layer and showed

very high Vocs and FFs.3–5 The photo J–V curves of solar

cells were measured at standard 1-sun illumination (AM 1.5;

100 mW/cm2). For solar-cell characterization, the perfor-

mance of 10 devices with an area of 0.16 cm2 was measured

using a Pasan IId Flash Solar Simulator and averaged. The

maximal standard deviation in the measured parameters is 2

mV for the Voc; 0.04 mA/cm2 for the short-circuit current

density, Jsc; 0.01 for the FF; and 0.05% for the energy con-

version efficiency. The external quantum efficiency (EQE)

was measured using an in-house built setup from which Jsc

of solar cells is obtained. To investigate the optical proper-

ties of devices, optical simulations were performed using

the optical model GenPro4 implemented in the ASA simula-

tor, which has been developed at Delft University of

Technology,5,12–14 The GenPro4 model is capable of dealing

with both incoherent and coherent light for calculating trans-

mittance, reflectance, and absorptance of the medium. In

addition, the scalar scattering theory and ray tracing can be

handled in this model, which describes light scattering

behavior at rough interfaces. In our simulations, we used

the scalar scattering theory to evaluate light scattering

properties, which has been shown to be accurate for textured

substrates with a relatively small rms roughness of up to

�220 nm.15–18 Thus, the scalar scattering theory describes

well the light scattering at surfaces of the Asahi VU substrate

and typical ZnO substrates used for thin film silicon solar

cells. The actually fabricated materials are deployed in this

optical simulation and their refractive index (n) and extinc-

tion coefficient (k), as obtained from photothermal deflection

spectroscopy (PDS) and Fourier transform photocurrent

spectroscopy (FTPS), are used as input parameters. In partic-

ular, nc-SiOx:H films were treated as if it is a single-phase

material instead of considering each respective phase when

their optical and electrical properties were measured. All

individual films were characterized on layers with a thick-

ness of around 100 nm. Atomic force microscopy (AFM)

scans of 256� 256 points over an area of 10 lm� 10 lm on

the Asahi VU substrate were taken to obtain the height

TABLE I. Deposition conditions of various p, i, and n layers used to fabricate a-SiOx:H solar cells in this study.

ID Layer type SiH4 (sccm) H2 (sccm) CO2 (sccm) 2% B2H6 (sccm) 2% PH3 (sccm) PRF
a (mW/cm2) pd

b (mbar) Th
c ( �C)

P1 p-a-SiOx:H 20.0 20 45.0 2.0 … 14 0.7 300

P2 p-nc-SiOx:H 1.0 170 1.4 0.2 … 245 2.2 300

B i-a-SiOx:H 2.5 200 2.5 … … 21 2.0 200

I i-a-SiOx:H 8.0 200 2.0 … … 63 2.6 200

N1 n-a-SiOx:H 40.0 40 2.0 … 11.0 28 0.6 300

N2 n-nc-SiOx:H 1.0 100 1.6 … 1.2 70 1.5 300

aRF power density.
bDeposition pressure.
cHeater temperature.
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distribution functions, which are used as an input parameter

for the scalar scattering model as described by J€ager

et al.15–17

III. RESULTS AND DISCUSSION

The Voc of a-SiOx:H solar cells is not only sensitive to

the Eg and defect density of i-a-SiOx:H absorbers but also to

the Eg and activation energy (Ea) of p- and n-type layers.3,19

The higher the Eg and the lower the Ea of doped layers, the

larger the built-in voltage across a solar cell. This built-in

voltage determines the upper limit of the Voc. In our previous

study, we observed that the Voc of a-SiOx:H solar cells was

maximized when the Ea of p- and n-doped layers was mini-

mized. Consequently, with P1 and N1 the a-SiOx:H solar cell

showed the highest Voc � FF product. In Table II, the optical

and electrical properties of P1 and N1 are listed together

with P2 and N2. P2 and N2 were used to both a-Si:H and nc-

Si:H sub-cells in multi-junction solar cells, forming excellent

tunneling junctions because of their high electrical conduc-

tivities (rd) and low Ea.
4 The crystalline fraction (Xc) of P2

and N2 as obtained from Raman spectroscopy is 37% and

62%, respectively, and as a result, their dark conductivities

are substantially higher than those of the doped a-SiOx:H

layers (P1 and N1).

In Figs. 1(a) and 1(b), n and k of the doped layers are

presented as a function of wavelength. From this figure, it is

confirmed that both P2 and N2 have much lower n and k val-

ues than P1 and N1 over the entire measurement wavelength

range, respectively.

In particular, the refractive index (n) of N2 is much

smaller than that of I; at a wavelength of 600 nm, n is 2.2 for

N2 and 4.1 for I. This big difference in refractive index can

lead to higher reflection at the i/n interface and thus higher

absorption in an absorber. �Campa et al. demonstrated with

experiments and simulations that the photocurrent of a-Si:H

top cells in tandem cells can be higher due to more reflection

when the refractive index of n-nc-SiOx:H intermediate

reflector layers is lower.20 In addition, the use of n-nc-

SiOx:H with a low refractive index suppresses plasmonic

absorption loss at the n-layer/Ag interface of the solar cells,

enabling higher Jsc. Fig. 2(b) shows that the imaginary part

of the refractive index (k) of P2 and N2 is much lower than

that of P1 and N1, respectively, leading to higher E04 as indi-

cated by the dotted orange line and in Table II. Note that the

k of N1 is even higher than that of the i-a-SiOx:H absorber

layer. Thus, P2 and N2 have a potential to reduce the para-

sitic absorption and improve electrical transport at the same

time. Due to these promising optical and electrical proper-

ties, p-nc-SiOx:H and n-nc-SiOx:H layers have been widely

implemented to a-Si:H and nc-Si:H solar cells by several

groups.21–30

To evaluate the effect of these doped layers on a-SiOx:H

solar cells, several solar cells with P1, P2, N1, and N2 are

TABLE II. The activation energy Ea, dark conductivity rd, crystalline frac-

tion Xc, and optical band gap E04 of the doped layers.

ID Layer type Ea (eV) rd (S/cm) Xc (%) E04 (eV)

P1 p-a-SiOx:H 0.43 7�10�7 … 2.17

P2 p-nc-SiOx:H 0.15 2�10�3 37 2.30

N1 n-a-SiOx:H 0.21 1�10�2 … 1.94

N2 n-nc-SiOx:H 0.10 2.6 62 2.65

FIG. 1. (a) The real part of the refractive index (n) and (b) the extinction

coefficient (k) as a function of wavelength of various silicon thin films used

to fabricate solar cells in this study. From the wavelength dependence of k,

the band gap E04 of the material was obtained. The guide line for E04 is indi-

cated by the orange dotted line in (b).

FIG. 2. EQEs of a-SiOx:H solar cells with (a) different P1 thickness and (b)

different n-layer configurations. Simulated absorptances (Asim) of 12-nm

thick P1 þ 150-nm thick I and 150-nm thick I þ 20-nm thick N1 are also

included with colored areas. The current density values in the figures are

given in mA/cm2.
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fabricated and their optical and electrical performances are

discussed together with optical simulations. First of all, an a-

SiOx:H solar cell was fabricated with more transparent P2
(30 nm) as a substitution for P1 to reduce parasitic absorp-

tion. This solar cell will be called Cell 1 and a solar cell with

12 nm P1 will be referred to as Cell 2. In Table III, their PV

parameters are listed.

As remarked above, the k of P2 is substantially lower

than of P1. As a result, the Jsc of the a-SiOx:H solar cell

increased from 7.94 mA/cm2 to 9.1 mA/cm2 because of

reduced parasitic absorption. However, it was observed that

the increase in the Jsc compromised the Voc. Even though P2
had a much lower Ea (0.15 eV) than P1 (0.43 eV), the built-in

voltage that determines the upper limit of Voc decreased by

the use of P2 because P2 is based on nanocrystalline silicon

material and has a lower mobility band gap than the

amorphous-silicon based material used for P1. Consequently,

the Voc of the solar cell with P2 ended up at only 0.87 V.

This combination between Voc decrease and Jsc increase

reduced the efficiency slightly from 6.0% to 5.8%.

Therefore, instead of using P2, the thickness of P1 is

decreased from 12 nm to 6 nm in an attempt to reduce the

parasitic absorption of Cell 2 without affecting the Voc. The

effect on the EQE of these cells (Cells 3 and 4) is shown in

Fig. 2(a). In this figure, the simulated absorptance (Asim) for

Cell 2, whose Voc � FF product is the highest of all cells

used in this study, and the measured EQE of Cell 2, Cell 3,

and Cell 4 are depicted together. There are two important

observations to be noted in this figure. First, a significant

mismatch between the Asim of I (violet colored region) and

the measured EQE of Cell 2 (black markers) is observed in

the wavelength range of 500–750 nm. This difference is

about 2.0 mA/cm2. Second, substantial parasitic absorption

in the TCO and doped layers results in an even higher photo-

current density loss of more than 9 mA/cm2. We will now

discuss these observations in somewhat more detail.

Ideally, the Asim of i-layers and the EQE of solar cells

are identical because only the photo-generated carriers in the

i-layers can fully contribute to the Jsc of the solar cells unless

recombination limits carrier collection. However, absorption

at the N1/Ag interface of the solar cells is larger due to the

plasmonic absorption of the nanorough Ag,31 reducing the

actual absorption in I at long wavelengths. This plasmonic

absorption has not been taken into account in the optical

simulation shown in Figs. 2(a) and 2(b). This observation is

in line with the results found in the literature31 in which

Demontis et al. theoretically and experimentally investigated

a-Si:H solar cells with various metal contacts and dielectric

materials inserted between the metal contacts and the n-a-

Si:H. They found that plasmonic absorption at the n-a-Si:H/

metal interfaces is largely dependent on the optical constants

of metals and the inserted dielectric materials. When the

dielectric layer has a larger refractive index, n, localized

plasmon resonance occurs at longer wavelengths, leading to

plasmonic absorption.32,33 Simulation results clearly show

that a large portion of the incident light is absorbed in the

TCO and doped layers besides the i-layer and this parasiti-

cally absorbed light does not contribute to Jsc. The total para-

sitic absorption in the glass, TCO, 12-nm thick p-a-SiOx:H,

20-nm thick n-a-SixO:H, and Ag sums up to an equivalent

current density of 9.28 mA/cm2, which is even higher than

the Jsc of Cell 2. In particular, the parasitic absorption in the

doped layers (P1 and N1) accounts for more than half the

total parasitic absorption. From these simulations, it is obvi-

ous that there is significant room to increase the Jsc of the a-

SiOx:H solar cell by reducing the parasitic absorption with-

out varying the absorber layer thickness.

As the thickness of P1 decreases from 12 nm to 6 nm,

the EQE of the solar cell increases for short wavelengths

because less incident light is absorbed by the thinner P1
layer. As a result, the Jsc increases from 7.94 mA/cm2 to

9.12 mA/cm2. In this case, the parasitic absorption loss of

6 nm P1 is only 0.47 mA/cm2 as concluded from simula-

tions. The Voc and FF were found to decrease slightly from

1.02 V to 0.98 V and from 0.74 to 0.71, respectively, as the

P1 thickness decreases from 12 nm to 6 nm, probably due to

the reduced internal electric field with the thinner p-layer as

a substantial part of this layer will be depleted. The light J-V
curves of Cell 1, Cell 2, Cell 3, and Cell 4 are shown in

Fig. 3. Although the Voc and FF decrease, the efficiency

increases from 6.0% to 6.4% thanks to the Jsc increase. It is

interesting to recall that P1 has a substantially lower electri-

cal conductivity than P2 by four orders of magnitude but still

results in excellent PV performance with a series resistance

of 8.37 X�cm2 (Cell 2). This value is not much larger than

when the more conductive 30 nm P2 was used (6.72 X�cm2).

It is likely that these devices are less influenced by the con-

ductivity of doped layers because of the relatively small pho-

tocurrent density.

In Fig. 2(b), the EQEs of three different a-SiOx:H solar

cells are shown with 20-nm thick N1 (Cell 2), 4-nm thick

N1þ50 nm N2 (Cell 5), and 50-nm thick N2 (Cell 6). As

mentioned above, the difference between the Asim of I and

the measured EQE of the solar cells is due to plasmonic

absorption at the N1-Ag interface, which has not been taken

into account in this simulation. The plasmonic absorption

TABLE III. PV parameters of a-SiOx:H solar cells with different doped layers. The thickness of I is kept constant at 150 nm.

ID P1 thickness (nm) P2 thickness (nm) N1 thickness (nm) N2 thickness (nm) Voc(mV) Jsc (mA/cm2) FF (-) Eff.(%)

Cell 1 30 20 … 0.87 9.10 0.74 5.8

Cell 2 12 20 … 1.02 7.94 0.74 6.0

Cell 3 9 20 … 1.01 8.73 0.72 6.3

Cell 4 6 20 … 0.98 9.12 0.71 6.4

Cell 5 12 4 50 1.02 10.13 0.73 7.5

Cell 6 12 … 50 1.01 10.61 0.73 7.8
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losses are reduced by the use of N2 because this material has

much lower n (2.2 at 600 nm). When an interlayer having

low n is embedded in between a silicon solar cell and a metal

back contact, a shift of the localized plasmon resonances

to shorter wavelengths is induced, and consequently, the

plasmonic absorption pattern shows a strong blue shift.

Moreover, N2 has very small k-values over the entire wave-

length range (see Fig. 1(b)), and as a result, its absorption is

much lower compared to N1. Consequently, the EQE of the

a-SiOx:H solar cells in the wavelength range of 480 nm to

800 nm increases substantially as the thickness of N1 is

reduced (Cell 5) and finally completely replaced with N2
(Cell 6). The measured EQE of Cell 6 is larger than the Asim

of I because the photons, which were parasitically absorbed

in N1 for Cell 2, are not absorbed in N2 but I for Cell 6. The

Jsc increases from 7.94 mA/cm2 for Cell 2 to 10.61 mA/cm2

for Cell 6 that only has an N2 layer, while the Voc and FF

stay almost constant at 1.01 V and 0.73, respectively, result-

ing in an efficiency of 7.8%.

Finally, an a-SiOx:H solar cell is fabricated with the

combination of a 9-nm thick P1, 200–nm thick I, and 50–nm

thick N2; hereafter called Cell 7. Note that not a 6–nm thick

but a 9–nm thick P1 was implemented to make sure that the

internal electric field in the intrinsic layer is maintained and

thus keeps the Voc and FF sufficiently high. In addition, only

a 200 nm thick I was used to enhance the Jsc because the Voc

� FF product of a-SiOx:H solar cells was found to deterio-

rate considerably for absorber thicknesses beyond this

value.4 Therefore, the thickness of P1 and I and thereby Jsc

and Voc � FF were compromised to reach the maximal effi-

ciency in this study. As a result, this solar cell showed a Voc

of 1.02 V, a FF of 0.70, a Jsc of 12.3 mA/cm2, and an effi-

ciency of 8.8%, which to our knowledge is the highest effi-

ciency ever reported for a-SiOx:H single junction solar cells.

The EQE and photo J-V curve of Cell 7 are presented in

Figs. 4(a) and 4(b), respectively. Also, the Asim of Cell 7

with a 210 nm thick i-layer is shown in Fig. 4(a). In this case,

the EQE and the Asim of I match very well even at long

wavelengths because N2 has a very low n, leading to the suf-

ficient suppression of the plasmonic absorption at the N2/Ag

interface. A thinner P1 and more transparent N2 decrease the

parasitic absorption by 3.57 mA/cm2 as compared to Cell 2.

The thicker I contributes to the increase in Jsc without affect-

ing the Voc � FF product very much.

It should be noted that Cell 7 was fabricated on the

Asahi VU substrate, whose root-mean-square roughness is

only about 34 nm.3 Therefore, the full potential of this a-

SiOx:H cell is evaluated according to the theoretical absorp-

tion limit proposed by Yablonovitch.34,35 The results are pre-

sented in Fig. 4(a) with the orange line. For the calculations,

the parasitic absorptions of glass, TCO, and doped layers

were taken into account to scale down the incident light. Both

theoretical calculations suggest that the Jsc can increase fur-

ther by better light scattering as shown in Fig. 4(a); an equiv-

alent current density of 15.43 mA/cm2 by Yablonovitch limit.

Therefore, there is still more room to increase the Jsc by

implementing more transparent p- and TCOs layers and by

using more textured TCOs.

IV. CONCLUSION

We carried out optical simulations for the a-SiOx:H solar

cell that had been optimized mainly for high Voc and FF so

far. From the simulations, it was observed that a large

portion of the incident light was parasitically absorbed by

p-a-SiOx:H and n-a-SiOx:H. Also, it was found that the plas-

monic absorption at the n-a-SiOx:H/Ag interface reduced the

long wavelength response, resulting in a low Jsc. When more

transparent and conductive p-nc-SiOx:H is substituted for

p-a-SiOx:H, the parasitic absorption loss at short wave-

lengths was notably reduced, leading to higher Jsc. However,

the gain in Jsc by the use of the p-nc-SiOx:H compromised

the Voc, and thus, the efficiency of a-SiOx:H solar cell

decreased. On the other hand, when using n-nc-SiOx:H with

FIG. 3. Photo J-V curves of Cell 1, Cell 2, Cell 3, and Cell 4 with different

p-layers.

FIG. 4. (a) Simulated absorption spectra (colored areas) with a 210 nm thick

i-layer and measured external quantum efficiency (black makers) of the a-

SiOx:H solar cell with a 200 nm thick i-layer (Cell 7) and (b) the photo J-V
curve of Cell 7. The Yablonovitch limit34,35 (orange line) is also represented

in (a), taking into account parasitic absorptions.
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low n and k values, the plasmonic absorption loss at the n-

nc-SiOx:H/Ag interface was largely removed and the para-

sitic absorption in the n-nc-SiOx:H was substantially

reduced. This result leads to a Jsc increase without losing Voc

and FF. Finally, a thinner p-a-SiOx:H, a thicker i-a-SiOx:H,

and a more transparent n-nc-SiOx:H are implemented to fab-

ricate a high-Jsc and high-Voc a-SiOx:H solar cell. As a result,

an 8.8% a-SiOx:H single junction solar cell was fabricated

successfully with a Voc of 1.02 V, a FF of 0.70, and a Jsc of

12.3 mA/cm2, which to our knowledge is the highest effi-

ciency ever reported for this type of solar cell.
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