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We compared nanopatterned Si solar cells with and without SiNx layers. The SiNx layer coating

significantly improved the internal quantum efficiency of the nanopatterned cells at long

wavelengths as well as short wavelengths, whereas the surface passivation helped carrier collection

of flat cells mainly at short wavelengths. The surface nanostructured array enhanced the optical

absorption and also concentrated incoming light near the surface in broad wavelength range.

Resulting high density of the photo-excited carriers near the surface could lead to significant

recombination loss and the SiNx layer played a crucial role in the improved carrier collection of the

nanostructured solar cells. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933202]

Surface nanostructured arrays can significantly reduce

optical reflection of a Si wafer. A graded refractive index,

multiple scattering, and the Mie resonance enable remark-

able antireflection (AR) effects.1–8 The optical benefits of

such an approach have led to the use of nanopatterned Si

wafers for photovoltaic (PV) applications.1–15 The measured

PV performance of nanostructured cells, however, often does

not surpass that of conventional cells, despite their substan-

tially improved optical absorption. Electrical losses due to

the surface and Auger recombination are considered as the

most significant problem to be addressed to increase the

power conversion efficiency (PCE) of surface-patterned Si

solar cells.12–15

In conventional Si solar cells, dielectric coating layers

have been used for both AR and passivation purposes.2,16–20

The PV characteristics of the dielectric-coated Si nanostruc-

tured arrays also have been studied.6,8,12,13 In many of these

works, chemical etching techniques were used to prepare

random nanostructured arrays. Although such methods are

simple and cost-effective in obtaining superior light-trapping

at nanostructured Si wafers (so-called ‘black Si’), complex

processes for doping and dielectric coatings are required to

fabricate solar cells due to the extremely small and high-

aspect-ratio random features.12–14 Difficulties in fabrication

can lead to deterioration of the performance of nanostruc-

tured PV devices, and a clear understanding of the inherent

limitations is difficult to obtain. Calculation results of regular

nanopatterned arrays can be directly compared with experi-

mental data, which can improve the insight required to

inform design strategies to realize high-performance devices.

In this work, we fabricated nanostructured Si solar cells

with and without SiNx dielectric layers, and investigated the

PV characteristics of the resulting devices. A quantitative

comparison of measured and calculated data allows us to

address the following important question: “what

considerations are required to optimize the dielectric coating

layer on nanostructured Si solar cells, and how does this dif-

fer from conventional flat devices?” Our SiNx-coated nano-

patterned cells exhibited a PCE of 15.8%, which is larger

than that of the uncoated nanopatterned cells (which exhib-

ited a PCE of 14.0%). The increased quantum efficiency

(QE) of the coated cells is attributed primarily to suppression

of surface recombination losses, rather than to the AR effects

of the SiNx layer. This suggests that careful surface passiva-

tion is more important with nanostructured cells than with

planar (i.e., flat, non-patterned) devices.

Si solar cells were fabricated with hexagonal closed-

packed arrays of nanoconical frustums patterned using nano-

imprint lithography and detailed cell fabrication procedures

can be found in our earlier publication.5 The tapered geometry

of the nanocones leads to light trapping at a broader range of

wavelengths than when using nanopillars.7 The geometry of

the arrayed frustum nanocones is shown in Fig. 1(a): the top

diameter was 120 nm, the bottom diameter was 510 nm, and

the height was 320 nm. The center-to-center distance between

neighboring features (i.e., pitch) was equal to the bottom di-

ameter (i.e., 510 nm). As shown in Fig. 1(a) and the inset of

Fig. 1(b), the periodic nanoconical frustum arrays had a rela-

tively small aspect ratio (i.e., height/diameter), and were regu-

larly spaced with a pitch of �0.5 lm. Conformal doping and

dielectric coating processes are therefore readily available.5

Figure 1(b) shows the light current density–voltage

(J–V) characteristics and PV parameters of the nanopatterned

solar cells with and without an 80-nm-thick SiNx surface-

coating layer. The SiNx-coated solar cells exhibited a larger

short-circuit current density (JSC) and fill factor (FF) than

the uncoated devices. The open-circuit voltage (VOC) of the

coated nanopatterned cell was slightly smaller than that of

the uncoated device. The SiNx-coated nano-patterned cell

exhibited smaller ideality factor than the uncoated cell,21

indicating suppression of the surface recombination. Thus,

cell-to-cell variation in our fabrication processes seems toa)Electronic addresses: joonkim@incheon.ac.kr and dwkim@ewha.ac.kr
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cause the VOC decrease of the coated cell. In spite of the

slightly smaller VOC, the PCE of the coated cell is larger than

that of the uncoated cell due to improved JSC and FF.

Figure 2 shows the experimental and simulated optical

reflectance, R, of several types of cells. Finite-difference

time-domain (FDTD) calculations were carried out to obtain

the simulation data.5 The experimental data well agree with

the calculation results. Both the nanostructured array and the

SiNx layer led to significant reduction in the optical reflec-

tance of the Si surface. The difference in R due to the nano-

patterns and the SiNx layer coating is denoted DR. The gray

dashed line in Fig. 2 shows R[1] – R[2], which represents the

AR effect of the SiNx-layer coating. This originates from

complete destructive interference. “R[1] – R[2]” was maxi-

mum at a wavelength of k� 600 nm, and became negligibly

small at k < 350 nm. The decrease in the reflectance due to

the nanopatterns, “R[1] – R[3],” was larger than “R[1] – R[2]”

over a broad wavelength range. This clearly demonstrates

the optical benefits of a nanostructured array.

The AR effect of the SiNx layer in the nanopatterned

cell exhibited different behaviors compared with that in a

flat cell. “R[1] – R[2]” was the largest at k� 600 nm, and

became smaller as decreasing or increasing wavelength

from 600 nm. “R[3] – R[4]” was negligibly small in the

wavelength range from 600 nm to 800 nm, and slightly

increased as decreasing the wavelength from 600 nm and

increasing the wavelength from 800 nm. The presence of a

SiNx layer on the nanopatterned solar cell resulted in a fur-

ther decrease in R at k< 600 nm and k> 800 nm. Zhong

et al. reported that a SiNx layer increased the scattering

cross-section of their Si nanopillars due to modifications to

the Mie resonance properties.8 They also found that the min-

imum reflectance wavelength of the coated Si nanopillars

was determined by not only the destructive interference but

also light scattering and interaction with the nanopillars.

Similar phenomena may be expected in our nanoconical

frustum arrays.21

Figure 3 shows the measured external and internal quan-

tum efficiency (EQE and IQE) of the nanopatterned cells

with and without the SiNx layer. Note that the SiNx layer

improved the IQE in very broad wavelength range. In flat

cells, the surface recombination loss is supposed to severely

deteriorate the carrier collection at short-wavelength region

rather than that at long-wavelengths, since the shorter wave-

length light has smaller penetration depth than the longer

wavelength light. In our flat cells, the IQE gain by the SiNx

layer coating on the flat cells was notable at short wave-

lengths and became smaller as increasing wavelength.21 The

IQE gain by the SiNx layer coating on the nanopatterned

cells showed distinct wavelength dependence, compared

with that on the flat cells. The gain did not show monotonic

decrease, while increasing wavelength from 600 nm, and

becomes almost zero at k� 1 lm. The optical penetration

depth of the 1-lm-light in Si is as long as hundreds of lm

and such long wavelength light can reach the rear side of the

flat cell. As a result, the surface passivation by the SiNx layer

FIG. 1. (a) A schematic diagram and (b) light current density (J) vs. voltage

(V) plot and PV parameters of the Si solar cells with surface-patterned arrays

of nanoconical frustums, with and without SiNx dielectric layers. The inset

shows an SEM image of the patterned cell, where the scale bar is 500 nm.

FIG. 2. Experimental (symbols) and calculated (lines) optical reflectance, R,

of the flat and nanopatterned cells with and without SiNx layers, and differ-

ence of R (i.e., DR) between the cells as a function of wavelength.

FIG. 3. The EQE (lines) and IQE (symbols) of the nanopatterned cells with

(red) and without (blue) SiNx layers as a function of wavelength.
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coating hardly affects the carrier collection probability for

such long wavelength light, which should be dominantly

determined by the diffusion length of minority carriers.

Figure 4 shows the reverse-biased EQE as a function of

voltage for the flat and nanopatterned cells under illumination

with short (k¼ 450 nm) and long (k¼ 900 nm) wavelength

light. The penetration depths of the 450- and 900-nm-light

are 400 nm and 40 lm, respectively. In spite of such a large

difference in the penetration depth, IQE gain by the SiNx

layer coating is observed at both wavelengths (Fig. 3). In this

regard, 450 nm and 900 nm were chosen as representative

wavelengths for short and long wavelength regimes, respec-

tively. The EQE of the uncoated cells (both the flat and nano-

patterned cells) increased as the voltage increased, indicating

that the recombination losses limited the photocurrent.

Furthermore, the EQE exhibited a stronger dependence on

voltage in the nanopatterned cell than in the flat cell. The

saturation current in the dark depends on the surface recombi-

nation velocity;22,23 this was larger for the uncoated nanopat-

terned cell than the flat cell by a factor of almost ten.21 This

suggests that the nanostructured cell suffered from serious

electrical loss due to the enlarged surface area and surface

defect states generated during the patterning process.23,24 In

contrast, the EQE of the SiNx-coated nanopatterned cell var-

ied little as a function of the applied bias. This shows that the

SiNx layer enabled a sufficiently high charge carrier collec-

tion probability and the additional reverse bias hardly

affected the EQE.

Figure 5 shows the simulated electric field intensity dis-

tributions in the cells under illumination with 450-nm and

900-nm light. The intensity in the flat cells exhibited an

exponential decrease with increasing depth into the cells.

This decrease was more gradual at longer wavelengths,

due to the larger penetration depth of Si. The surface nano-

structures act as nanocavities for Mie resonance, resulting

in strong field confinement near the surface, as shown in

Figs. 5(c) and 5(d).6–8 As a result, the light intensity at the

surface of the nanopatterned cells was much larger than that

of the flat cell even at k¼ 900 nm. It follows that a lager

fraction of the photogenerated carriers will be present near to

the surface of the nanopatterned cells. At the uncoated Si

surface, such a high concentration of charge carriers will

result in serious recombination loss, due to the defect states

and upward band bending.12–22 Thus, the SiNx passivation in

the nanopatterned cell significantly improved the carrier col-

lection efficiency at both short and long wavelengths, as

shown in Fig. 4.

Assuming a carrier collection probability of 100%, we

may calculate the maximum achievable short-circuit current

density using the following equation:

JSC;calculated ¼
ðkg

300nm

I kð Þ ek
hc

dk;

where k is the wavelength, A(k) is the optical absorption, I(k)

is the AM 1.5 solar spectral irradiance, e is the electron charge,

h is Planck’s constant, c is the speed of light, and kg is the

wavelength corresponding to the optical band gap of Si.5,25

Figure 6 shows the calculated and measured JSC values of the

flat and nanopatterned cells with and without SiNx dielectric

layers. The red and blue areas in Fig. 6 represent JSC gain due

to the AR effects of the SiNx coating and the nanopatterns,

respectively. For all the cells, the measured JSC was less than

JSC,calculated, and the difference between the two is attributed to

carrier collection losses. For the flat cells, the interference AR

effects of the SiNx coating significantly increased JSC,calculated

from 27.77 to 39.09 mA/cm2 (with a difference of

DJSC,calculated¼ 11.32 mA/cm2). The measured JSC of the

SiNx-coated and uncoated flat cells were 34.02 mA/cm2 and

25.42 mA/cm2, respectively, giving DJSC¼ 8.60 mA/cm2. For

the nanopatterned cells, the SiNx coating only slightly

increased JSC,calculated from 41.33 mA/cm2 to 42.37 mA/cm2,

(DJSC,calculated¼ 1.04 mA/cm2), as the SiNx-mediated increase

in the optical absorption was small (see “[3] – [4]” in Fig. 2).

The measured value of JSC for the SiNx-coated nanopatterned

cells was 36.24 mA/cm2, and that for the uncoated nanopat-

terned cell was 33.67 mA/cm2. The difference of 2.57 mA/cm2

exceeds DJSC,calculated by a factor of more than 2. This suggests

that the increase in the photocurrent due to the SiNx layer on

FIG. 4. Reverse-bias voltage dependence of the EQE for the flat and nano-

patterned cells with and without SiNx layers. The filled squares indicate the

data at a wavelength k¼ 450 nm and the open diamonds at k¼ 900 nm. The

blue symbols correspond to the uncoated nanopatterned cell, the black sym-

bols to the uncoated flat cell, and the red symbols to the SiNx-coated nano-

patterned cell.

FIG. 5. Simulated electric field distributions in (a) the uncoated flat cell, (b)

the SiNx-coated flat cell, (c) the uncoated nanopatterned cell, and (d) the SiNx-

coated nanopatterned cell. The top four figures correspond to illumination with

450-nm light, and the bottom four figures to illumination with 900-nm light.

The black lines show the surface and the SiNx/Si interface of the cells.
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the nanopatterned cell resulted mainly from the improved col-

lection efficiency of the photogenerated carriers, rather than

increased optical absorption.

We investigated the PV characteristics of the solar cells

with hexagonal arrays of nanofrustums, with and without

SiNx dielectric layers. The PCE of the coated nanopatterned

cell was 15.8%, which was higher than that of the uncoated

nanopatterned cell (i.e., 14.0%). The SiNx layer coating

improved the carrier collection efficiency of the nanopat-

terned cells at both short and long wavelengths, whereas

such coating usually helped carrier collection of the flat cells

only at short wavelengths. The Mie resonance in the nano-

structures significantly increased the density of the photogen-

erated carriers near the surface even at long wavelengths.

Such high density of charge carriers near the Si surface may

lead to large recombination losses. Therefore, proper surface

passivation via the deposition of a dielectric layer is crucial

to exploit the enhanced optical absorption of the nanostruc-

tured solar cells.
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