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Abstract:Silicon nanowire (SINW) has been widely used for light-trapping in photovoltaics,
optical sensors, and other optoelectronic devices. However, we found that 58.4% of the light
trapped by a SINW with a diameter of 60 nm and a length of 1 um will be wasted: 64.5% of
the trapped light will be absorbed within itself, and 90.5% of carriers excited by this part of
light will recombine before being transported to the silicon substrate. In this work, it is shown
that oxidation of SINW can transport much more light into the silicon substrate. At first, our
simulation results demonstrate that oxidation can dramatically reduce the percentage of
absorbed light. In an oxidized SINW (O-SiNW) with a total and silicon core diameter of 60
nm and 30 nm, respectively, the percentage is about 44.5%. Next, a low carrier recombination
ratio, about 27.3%, can be obtained in O-SiNW due to the passivation effect of the oxide
layer. As a result, oxidation of SINW can reduce the proportion of wasted light from 58.4% to
12.1%. More importantly, oxidation almost doesn’t sacrifice the light-trapping ability:
experimental measurements demonstrate that the average reflectance of an O-SiNW array is
only slightly higher than that of a SINW array, 3.9% vs. 3.0%. Such O-SiNW is promising to
be used for low-loss light-trapping in specially designed photovoltaic devices.
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1. Introduction

Recently, silicon nanowire (SiNW) has attracted extensive attention in solar cells [1-3],
optical sensors [4—6], photon detectors [7-9], optical chemistry [10] and other optoelectronic
devices [11-14]. An important reason is that SINW shows extraordinary light-trapping
ability, which has been verified theoretically and experimentally [14—-18]. A single SINW can
harvest light in the area several tens of times more than its geometrical cross-section [13—15].

However, the reported performances of solar cells using SINW as the light-trapping
structure are far away from the expectation [19-23]: the maximum power conversion
efficiency is only 4.1% [20]. Such a bad performance can be attributed to two aspects. The
first one is that although SINW has the excellent light-trapping ability, a great part of the
trapped sunlight will be absorbed within itself [3,24]. Such absorbed light will excite charge
carriers in situ, therefore, these carriers must go through the nanowire before being collected
by the electrodes [25,26]. The second one is that the abundant surface defect sites on SINW
will cause serious carrier recombination [27-29]. The strong intrinsic light absorption
collaborating with the serious carrier recombination during the axial transportation of carriers
will result in strong sunlight loss, which seriously limits the performance of photovoltaic
devices using SiINW as the light-trapping layer [20] or the ones with axial PN junction
structure on the nanowire [25]. So, it is of great significance to reduce the intrinsic light
absorption and/or carrier recombination in SINW.

In this study, we show that oxidation of SINW can reduce both of the intrinsic light
absorption and the carrier recombination in SINW, i.e., transport more light into the silicon
substrate. Based on discrete dipole approximation (DDA) simulations it is found that, in
oxidized SINW (O-SiNW), the proportion of light loss, 12.1%, is quite smaller than that in
SiNW, 58.4%. At the same time, light reflectance measurements on several O-SiNW arrays
demonstrate that oxidation almost doesn’t sacrifice the light-trapping ability. This study
provides an easy practical way to accomplish high-effective low-loss light-trapping. The O-
SINW can be used in specially designed devices like all-back-contact or selective-textured
solar cells.

2. Simulations and experiments
2.1 Simulations

The amount of light concentrated by O-SiNW under the irradiation of unit-intensity light is
defined as its extinction cross section, C,,,. Similarly, the amount of light being absorbed is
defined as the absorption cross section, C,,. Correspondingly, the extinction efficiency, Q..
(the absorption efficiency, Q,), is defined as the ratio between C,,, (C,;) and the projected
area of SINW along the light.

A schematic diagram which illustrates the light concentration effect of an O-SiNW is
given in Fig. 1(a). As the incident angle used in measuring the reflectance spectrum of a
nanowire array is usually between 0 and 5°; and in this range, the influence of incident angle
on the light concentration effect of a nanowire is very weak [30], only the light irradiating
from the top of O-SiNW is considering here. In this situation, Q,,, and Q. can be simply
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described as Q.. = C.o/nr* and Q. = Coi/mr’, where r is the radius of the nanowire. These
two physical quantities denote the light-concentration and light-absorption abilities
(multiples) of SINW, respectively.

The extinction and absorption efficiencies, Q.,, and Q. were simulated using the DDA
method by DDSCAT 7.3 [31]. In all simulations, the interdipole separation, d, was set as 3.3
nm; the error tolerance, 4, was set to be 1 x 107, Descriptions of the physical foundation and
framework of the DDA method can be found elsewhere [3].

2.2 Experiments

The SiNW was fabricated by the metal-assisted chemical etching on n-type Si (100) wafer. In
the first step, the silicon wafer was systematically cleaned: i) it was ultrasonically cleaned in
acetone, ethanol, and ultrapure water for 10 minutes respectively; ii) the cleaned sample was
rinsed with deionized water for several times; iii) the rinsed sample was immersed in
hydrofluoric acid (HF) to eliminate the native oxide layer and to reduce the surface defect by
forming Si-H bonds; iv), the sample was washed with deionized water and dried with high
purity nitrogen repeatedly. Then, the cleaned silicon wafer was placed into the ultraviolet
ozone washing machine to modify the surface, which is helpful for a uniform etching. Next,
the surface-modified silicon wafer was immersed in a mixed solution of 0.02 M AgNOs, 4.6
M HF and deionized water for 3 min at room temperature to fabricate SINW. In this process,
the size and morphology of SINW can be adjusted by the temperature and the etching time.
Finally, the SINW were immersed into the concentrated HNOj; solution to remove the residual
silver complex; and after that the samples were cleaned using 7.5 M HF solution for 3 min to
remove the oxide layer formed due to the oxidation of the concentrated HNO;.

The O-SiNW was fabricated by the thermal oxidation method. The silicon wafer with
SiNWs of diameter ~60 nm and length ~1 um was put into a thermal chemical vapor
deposition (CVD) tube furnace. The oxidation of SINW was carried out at 1050 °C under an
oxygen atmosphere, where the thickness of the oxidized layer (silica shell) was controlled by
adjusting the oxidation time from 5 mins to 30 mins.

The morphologies of SINW and O-SiNW were characterized using the Scanning Electron
Microscopy (SEM; FEI Quanta 200F) and the Transmission Electron Microscopy (TEM; FEI
Tecnai G2 F20). And an element mapping for O-SiNW was carried out using an Energy
Dispersive X-ray Spectrometer (EDX) integrated in TEM. The reflectance spectrums of
SINW and O-SiNW arrays were measured using a Ultraviolet-Visible Spectrophotometer
(UV-2006/2007; SHIMADZU).

3. Results and discussion
3.1 Light loss in SINW

As the photons intrinsically absorbed within a SINW can excite e-h pairs in situ, these carriers
must experience long-distance transport thus abundant recombination before reaching the
silicon substrate in SINW-based solar cells. This means the amount of light absorbed by a
SiINW will suffer from large loss; therefore, the proportion of absorbed light by SINW was
first investigated.

The extinction and absorption efficiency curves of a SINW with a diameter of 60 nm and
a length of 1 pm are given in Fig. 1(b). At first, it can be obviously seen that the maximum
light-concentration multiple of SiINW (at the resonant wavelength) exceeds 100, which
confirms the super light-concentration ability of SINW as being reported [13—15]. The
concentrated light can be separated into two parts: one part will be scattered forward into a
cone of opening angle smaller than 30°, as denoted in Fig. 1(a) [3]; and the other part will be
intrinsically absorbed within the SINW itself. The fact should be noted is that the absorption
efficiency of SINW reaches 60 at the resonant wavelength. This denotes that a great ratio of
the concentrated light will be intrinsically absorbed. Because SiNW is widely used to trap
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sunlight, for more objective, a full-spectrum average Abs./Ext. is evaluated by
J‘;j[Qabs(/l)/ 0, (DUAYdA/ J-Oojl(/l)dl, where A is the wavelength and (1) is the

wavelength selective intensity of AM1.5. The calculated value, 64.5%, means 64.5% of
sunlight concentrated by a SINW will be absorbed within itself.
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Fig. 1. (a) A schematic diagram of the light concentration effect of an O-SiNW; and (b) the
extinction and absorption efficiency curves for a single SINW with a diameter of 60 nm and a
length of 1 um.

The absorbed light within SINW will be transferred to carriers in situ, which then
transport along the nanowire till reach the silicon substrate. Next, the proportion of carriers
being recombined during this transport process is evaluated, based on some reported data
[32]. It is well known that according to the carrier transport equation, 1/e*’ of the carriers
can be left after transporting a distance of x, where / is the diffusion length of the carrier. If
we assume that the light intensity is axial uniform in the SiNW [24], the equation for
calculating the proportion of recombined carriers in a SiINW can be written to be

I—J.OLI/ e"'dx , where L is the length of SINW. It has been reported that the carrier diffusion
length in SINW is even shorter than 100 nm [32]; therefore, in a SINW of length 1 um, the

000
proportion of recombined carriers can be evaluated to be 1-'[; 1/e""*dx=90.5% .

Comprehensively, there is 64.5% % 90.5%=58.4% of the sunlight will be wasted when using
SiNW as a light-trapping structure.

3.2 Oxidation of SiINW can significantly reduce light loss

According to above analyses, there may be two strategies to reduce the light loss: to reduce
the the proportion of the absorbed light and to reduce the surface recombination rate. Surface
passivation is a quite common method to reduce the surface recombination loss. Many surface
passivations like a-Si:H, Si-C, and Si-N passivations have been developed for SINW, which
can dramatically lengthen the diffusion length of the carrier [33-36]. However, as these
techniques only modified the chemical properties of the SINW surface, they have no effect on
the optical features of SINW at all. Therefore, these techniques can’t be used to reduce the
percentage of absorbed light for SINW. Oxidation is also an effective passivate method for
silicon surface [37]. By a so-called thermal oxidation technique, not only the surface of SINW
can be modified, but also an oxide layer with controllable thickness can be formed
surrounding the SINW [38—40]. The oxide layer provides a new dielectric circumstance for
the silicon core, thus may provide an opportunity to reduce the proportion of the absorbed
light.

The optical features of several O-SiNWs with a constant length of 1 um, a constant total
diameter of 60 nm, but various silicon core diameters from 10 nm to 50 nm are simulated.
Figure 2(a) gives the wavelength selective extinction efficiency curves of various O-SiNWs
which are denoted by 60@core-diameter. For each O-SiNW, the ratio between the absorbed
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AM]1.5 sunlight and the whole amount of sunlight it can concentrate, Abs./Ext., can be also
calculated by JOOj[QabS /0, (DA)dA/ joojl (A)dA . The obtained results are plotted in

Fig. 2(b) by a black line and red triangles. It can be seen that the ratio of absorbed light in O-
SiNW decreases gradually from 64.5% to 5.2%, with the core diameter decreases from 60 nm
to 10 nm. This demonstrates that the formation of a thick oxide layer surrounding the SINW
is really helpful to reduce the intrinsic light absorption.

However, the lowest ratio of absorbed light, 5.2%, may have no practical significance as
the light-concentration ability of the corresponding O-SiNW is very weak. From Fig. 2(a) it
can be seen that, for an O-SINW with a silicon core of 10 nm, the light-concentration
multiples are smaller than 5.0 over all the wavelength range. And in actual, only when the
core diameter becomes greater than 30 nm, a not bad light-collection performance can be
obtained: the resonant peak appears and redshifts from 0.36 to 0.48 um; meanwhile the
maximum light concentration multiple increases from 4.8 to 80.0. To characterize the full-
spectrum average light-concentration ability of O-SiNWs, the AMI.5-weighted average

extinction efficiencies, J.OOjQ"*’ DID)dA/ Ioojl (A)dA, are calculated and plotted in Fig.

2(b). Obviously, the average light concentration multiples for O-SiNWs with a core diameter
smaller than 30 nm are quite small, which indicates that the light-collection ability of a single,
deep-oxidized SINW is quite bad.
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Fig. 2. Optical resonances of O-SiNWs with a constant length, 1 pm, a constant total diameter,
60 nm, but various silicon core diameters from 10 to 60 nm. (a) Extinction efficiency curves.
(b) AM1.5-weighted ratios of the absorbed sunlight (red triangles), and average extinction
efficiencies in waveband 0.3-0.6 pm (blue circles).

But the light-collection ability of a deep-oxidized SiNW array is not as awful as a single
deep-oxidized SiNW, due to two reasons. The first one is that the substrate in a real system
will enhance the light-collection. This is because, although the light-concentration multiples
of the deep-oxidized SiNWs in Fig. 2(a) are quite small, over 65% of the leaked light by the
nanowires can be absorbed by the silicon substrate again. The second reason attributes to the
compactness of the O-SiNWs in a real system, as shown in Figs. 3(b)-3(d). The compact
nanowires can complement each other in light-collection, thus a large light-concentration
multiple becomes a nice-to-have but not a must-have feature for a single O-SiNW. These
analyses can be confirmed by the fact that the measured reflectance of O-SiNW arrays [Fig.
4(a)] is only slightly greater than that of SINW array.

Above results indicate the compactness of O-SiNWs result in a high tolerance on the
light-concentration multiple of a single O-SiNW. The inverse is also true, i.e., a larger light-
concentration multiple of a single O-SINW will bring about a higher tolerance on the
compactness of nanowires. In a word, for an O-SiNW array, a lager silicon core diameter
means a higher compactness tolerance and a better light-trapping performance, but a greater
proportion of light loss. As the O-SINW with a core diameter of 30 nm shows obvious larger
light-concentration multiple than the samples with the thinner core [Fig. 2(a)], we treat it as
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the best structure in balancing the light collection multiples and the proportion of intrinsic
light absorption. The percentage of absorbed light within an O-SiNW with a core diameter of
30 nm, in the whole amount of light it concentrates, is about 44.5%.

Next, the effect of oxidation on reducing the recombination ratio of the carrier before
being collected is analyzed. As mentioned above, the carrier diffusion length, /, is a key
parameter in calculating the recombination loss of carrier. It can be expressed as

1 =\JkT | g X/t , where k is the Boltzmann constant, 7 is the temperature, ¢ is the electron

charge, u is the carrier mobility, and 7 is the carrier lifetime. It has been reported that the
mobility u of carriers in SINW can increase from 30 to 560 cm?/Vs after passivation by
forming a silica shell out it [33]. If we simply assume that 7 have the same increasing
multiples as u, the carrier diffusion length in an O-SiNW can be roughly evaluated to be
560/30 x 100 nm =1.87 pm. For the sake of conservation, we take / = 1.5 um here in
calculating the proportion of carrier recombination loss. The obtained value,

1-.[: 1/e" 1dx=1-fomool /e""*®dx=27.3%, is much smaller than that for a pure SINW, 90.5%.

As a summary, taking both the amount of light being intrinsically absorbed and the
recombination ratio of carriers into account, 44.5% x 27.3% =12.1% of the concentrated
sunlight by an O-SiNW will be wasted. This value is quite smaller than that in pure SINW
(58.4%), which indicates oxidation of SINW can transport much more light into the silicon
substrate.

3.3 Oxidation does not sacrifice the light-trapping ability

The effect of oxidation on reducing the proportion of intrinsic light loss in SINW has been
demonstrated above. However, only if the O-SiNW array can collect as much light as a pure
SINW array, such reduction is of practical significance. That is to say, an excellent light
collection capability is the premise for a light-trapping structure. To verify the light collection
performance of the O-SiNW array, we have fabricated several O-SiNW arrays with different
thickness of oxide layer, and measured their reflectance spectrum curves.

Most of the reported techniques for oxidizing SINW are developed for vapor-liquid-solid-
grown SiNW [41-45] in which the residual metal particle can act as the catalyst. Therefore,
these techniques are not suitable to be used to oxidize bare SINW prepared by the metal-
assisted chemical etching method. In addition, as SINW will be wholly oxidized from top to
bottom under the catalytic function of the metal particle, these techniques can’t be used to
fabricate O-SiNW with a silicon core. Fortunately, thermal oxidation method is specifically
suitable to oxidize a bare SINW [38-40]. And as the SINW is gradually oxidized from the
surface to the core in the thermal oxidation process, the thickness of the oxide layer can be
simply controlled by oxidation time. Therefore, we chose thermal oxidation method to
fabricate the O-SiNWs.
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Fig. 3. Morphological features of O-SiNWs. (a-d) SEM images of SiNWs oxidized for 0, 5, 10,
and 30 mins, respectively; (e-h) corresponding TEM images; (i) scanning line in the element
energy-spectrum analyses for two adjacent SINWs in the sample oxidized for 10 mins; (j) the
EDX element spectrum; and (k) the EDX line profiles.

The SEM morphological characteristics of SINWs being oxidized in a CVD tube furnace
for 0, 5, 10, and 30 mins are shown in Figs. 3(a)-3(d). It can be seen that the nanowires in all
the samples are compact, which is determined by the metal-assisted chemical etching
technique we used. Furthermore, there is no observable difference between the morphologies
of the samples. This means oxidation of SINW should not make the nanowire thinner thus is a
no-loss process. The TEM images of four single-nanowires, which corresponding to different
oxidization time, are given in Figs. 3(e)-3(h). The oxide layer (silica shell) surrounding the
silicon core is clearly exhibited in them, and its thickness increases gradually with the
oxidation time from ~7.9 nm for 5 mins, to ~10.6 nm for 10 mins and to 12.6 nm for 30 mins.
By simple calculations it can be found that the oxidation rate decreases dramatically with
time, from 7.9/5 = 1.58 nm/min to (12.6-10.6) / (30-10) = 0.1 nm/min. This is consistent with
the previous conclusion that thermal oxidation is a self-limiting process [46].

To confirm that the observed shell in the TEM images is silica, element energy-spectrum
analyses were carried out for a SINW oxidized by 10 mins. The scanning line is marked in
Fig. 3(i), which crosses over two adjacent nanowires. From the EDX element spectrum in Fig.
3(j) it can be seen that, except for the peak of the copper substrate, only the oxygen and
silicon elements are detected. Besides, the line profiles of the oxygen and silicon elements in
Fig. 3(k) denote a homogeneous oxide layer is formed surrounding the SINW: they exhibit
perfect upwards and downwards parabolic shape, respectively.
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Fig. 4. Light-trapping performance of O-SiNW arrays. (a) Reflectance spectrum curves of
SiNW arrays oxidized by 0, 5, 10 and 30 mins; (b) AM].5-weighted average reflectance of O-
SiNW arrays.

The measured reflectance spectrum curves of SINW arrays oxidized by 0, 5, 10 and 30
mins are shown in Fig. 4(a). It can be visually seen that the values of reflectance for O-SiNW
arrays are only slightly larger than those for the pure SINW array. To execute quantitative
comparisons for the light-trapping ability of SINW arrays oxidized by different lengths of
time, the values of the AM1.5-weighted average reflectance within waveband 300-1100 nm of
them are calculated and plotted as a histogram in Fig. 4(b). Even for an O-SiNW array with
oxidation time of 30 mins (core diameter of about 10 nm), its full-spectrum-average
reflectance is only 1% greater than that of a pure SINW array (3.9% vs. 3.0%). Therefore,
oxidation almost doesn’t sacrifice the anti-reflectance effect thus the light-trapping ability of
SINW array. This conclusion can be attributed to the effect of the substrate and the
complementary effect of the compact nanowires as mentioned above.

Combining with the ratio of intrinsic absorption and proportion of carriers being
recombined during the transport, the comprehensive sunlight loss by using a SINW array and
O-SiNW array for light-trapping can be evaluated to be (1-3.0%) x 58.4% + 3.0%=59.6% and
(1-3.9%) x 12.1% + 3.9%=15.5%, respectively. The dramatically reduced loss when using an
O-SiNW array to trap sunlight is of great significance for the transformation of sunlight into
electric energy with high efficiency.

3.4 Promising applications of O-SiNW

According to above analysis, O-SiNW array should be a better light-trapping structure than
SINW array. However, as it is inconvenient to directly fabricate electrode on it due to the
thick silica shell, O-SiNW array must be used in specifically designed device structures. For
instance, it can perform well as the light-trapping layer in all-back-contact solar cells [47] or
selective-textured solar cells as shown in Fig. 5.

a) oxidized-SiNWs b) oxidized-SiNWs

Ag electrode
. L L
v S LS i
p-type Si --I -
back clectrode

Fig. 5. Schematic illustrations of solar cells using an O-SiNW array to trap sunlight: (a) all-
back-contact structure; (b) selective-textured solar cell structure.

For the all-back-contact devices, as the PN junctions are all fabricated on the back surface,
it is unnecessary to fabricate electrodes on the nanowire array, thus O-SiNW array can be
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directly fabricated on the front surface to trap light. The selective-textured solar cell structure
in Fig. 5(b) can be fabricated by protecting the contact area from etching, which should be
much simpler than the fabrication of the all-back-contact one. It has been demonstrated in the
fabricating of SINW-based solar cells that, such selective-textured structure is very helpful to
improve the poor front electrode contact on the Nano-textured silicon surface (highly
fluctuated), which is believed to be a big problem affecting the device performance [48,49].
According to above analysis, in both of these device structures, the sunlight harvested by O-
SINW array can be efficiently transported to the substrate; therefore, the sunlight loss should
be very small.

A quantitative value of the short-circuit photocurrent density, J;., for the first architecture
of solar cell in Fig. 5(a) can be estimated by the following equation,

J. = q{(1—27.3%)~j%'F(/l)d/1+(l—3.9%)~jLQQ—”’”~F(/1)d/1}~IQE )

where, ¢ is the electronic charge; F(4) is the spectral photon flux densities at air mass AM =
1.5; IQE is the internal quantum efficiency, whose value is simply taken as 100% here. Such
estimated J,. is 25.1 mA/cm®. Correspondingly, if the light-trapping block is SINWs but not
O-SiNWs, the value of J;. can be estimated by

J, = q{(1—90.5%)~J‘%-F(l)d/”t+(1—3.0%)-J.1_QQ—”“~F(/1)dl}-IQE. )

The obtained value of J,. is 19.4 mA/cm®. These results indicate that using O-SiNW to
replace SINW array for light-trapping structure in the first solar cells structure can enhance
the short-circuit photocurrent density by ~29%.

For the solar cells with the architecture as shown in Fig. 5(b), it is only needed to multiple
a factor to taking into account the cover area of the Ag electrode. Here, we assume that the
cover fraction of the Ag electrode is 5%; therefore, the values of J. using O-SiNW and SiNW
array to trap sunlight are 23.8 mA/cm?” and 18.4 mA/cm?, respectively. The enhancement of
short-circuit photocurrent density by using O-SiNW to replace SINW array as the light-
trapping block is also ~29%.

As a conclusion, using O-SiNWs as the light-trapping structure in the proposed
architectures of solar cells can enhance the short-circuit photocurrent density significantly.
Besides, the small light loss may be also helpful to reduce the device temperature.

4. Conclusion

In this work, we have shown that although pure SiNW has excellent light-concentration
ability, a great amount of light it collects will be wasted; and we have proposed that oxidation
of SiNW can significantly reduce the light loss, thus transport much more light into the
silicon substrate. In pure SINW, 64.5% of the light it collects will be absorbed within itself,
and 90.5% of such absorbed light will be wasted due to the abundant carrier recombination.
In a summary, 58.4% of light collected by SiNW will be wasted. Based on numerical
simulations, it is found that oxidation of SiINW can significantly reduce the ratio of light
being absorbed within itself, from 64.5% to 5.2%. But from another point of view, an
excellent light collection capability is the premise for a light-trapping structure. Therefore, it
is necessary to balance the light collection multiples of an O-SiNW and the ratio of absorbed
light within itself. As a trade-off, O-SiINW with a core diameter of 30 nm was chosen as the
best light-trapping structure, in which the percentage of absorbed light is 44.5%. In addition
to reduce the proportion of absorbed light, oxidation can also provide good passivation for the
surface of SINW thus reduce the ratio of the recombined carrier, from 90.5% to 27.3%.
Consequently, the amount of light wasted in an O-SiNW with a core diameter of 30 nm can
be reduced to 12.1%, which is quite smaller than that in a pure SINW (58.4%). To verify the
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light concentration ability of O-SiNW, some O-SiNW arrays were fabricated using the
thermal oxidation technique, and the thickness of the oxide layer is controlled by oxidization
time. The measured reflectance spectrum curves of them demonstrate that oxidation almost
doesn’t sacrifice the light-trapping ability of SiNW: the AMI.5-weighted full-spectrum-
average reflectance of the O-SiNW array is only 1% greater than that of the pure SINW array
(3.9% vs. 3.0%). In a summary, oxidation of SiINW is an easy and practical way to
accomplish high-effective low-loss light-trapping. Such an O-SiNW array is promising to be
used in specifically designed devices, in which the ideal short-circuit photocurrent density
will be ~29% higher than using SINW array as the light-trapping block.
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