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Spectrally selective absorbers (SSA) with high selectivity of absorption and sharp cut-off between

high absorptivity and low emissivity are critical for efficient solar energy conversion. Here, we

report the semiconductor nanowire enabled SSA with not only high absorption selectivity but also

temperature dependent sharp absorption cut-off. By taking advantage of the temperature dependent

bandgap of semiconductors, we systematically demonstrate that the absorption cut-off profile of

the semiconductor-nanowire-based SSA can be flexibly tuned, which is quite different from most

of the other SSA reported so far. As an example, silicon nanowire based selective absorbers are

fabricated, with the measured absorption efficiency above (below) bandgap �97% (15%) combined

with an extremely sharp absorption cut-off (transition region �200 nm), the sharpest SSA demon-

strated so far. The demonstrated semiconductor-nanowire-based SSA can enable a high solar ther-

mal efficiency of �86% under a wide range of operating conditions, which would be competitive

candidates for the concentrated solar energy utilizations. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4983711]

For a wide range of solar energy conversion systems,

such as concentrating solar power,1,2 solar thermochemical,3

solar thermophotovoltaics,4–6 and solar thermoelectric sys-

tems,7 spectrally selective absorbers (SSA) are critical com-

ponents due to their ability of suppressing radiation loss,

particularly under high temperature or highly concentrated

solar irradiance operation conditions.8–10 Extensive efforts

have been devoted to the design and fabrication of various

SSA, such as ceramic-metal composites,11–14 intrinsic semi-

conductor materials,15–17 multilayer structures, and various

nanophotonic structures.18–24 While various SSA with high

solar absorption and low infrared emission have been demon-

strated, most of them are not favorable for high temperature

operation because of not well defined absorption cut-off

profile. As operating temperatures elevate, the energy loss due

to the spectral overlap between the concentrated solar spectrum

and the radiation spectrum becomes significant (Fig. 1), and a

sharp cut-off between the high solar absorption band and the

low infrared emission band is critical for efficient solar energy

conversion, which has rarely been explored so far.

The optical performance of SSA is commonly deter-

mined by the ratio of the solar absorptivity and thermal emis-

sivity, which dominates the thermal transfer efficiency (g) of

SSA

g ¼
C

ð
a kð ÞEsolar kð Þdk�

ð
a kð ÞEB k; Tð Þdk

C

ð
Esolar kð Þdk

; (1)

where a is the absorptivity of SSA in thermal equilibrium,

which is equal to the emissivity at each wavelength (k)

according to Kirchhoff’s law. Esolar is the solar spectral irra-

diance, EB is the blackbody spectral irradiance, and C is the

solar concentration. To achieve efficient solar-thermal con-

version, the ideal absorptivity profile of SSA should have a

proper cut-off wavelength with respect to the operating con-

ditions (temperature, optical concentration, etc.) as well as

an optimized absorption edge with the step-function pro-

file.25 Here, we will show the significance of the absorption

cut-off profile quantitatively.

FIG. 1. Spectra overlap of blackbody at 1400 K (black solid line) and solar

irradiation (red solid line). Absorptivity of the absorber (ah¼1, al¼0) with

Wtran of 0 (blue dash, ideal cut-off) and 1500 nm (green dash, non-ideal cut-

off). The inset shows the dependence of solar thermal transfer efficiency (g)

on the absorption transition width (Wtran).a)jiazhu@nju.edu.cn
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Without loss of generality, the degree of absorption cut-

off can be quantified as the bandwidth of the transition

region (Wtran) between the high absorption (ah) band and the

low emission (al) band, i.e.

Wtran ¼ kminðalÞ � kmaxðahÞ; (2)

where ah and al are the upper and lower absorptivity of SSA,

respectively. Therefore, smaller Wtran represents sharper

absorption cut-off and higher selectivity. Taking a selective

absorber that works at 1400 K under 100-sun irradiation as

an example (Fig. 1), because of the significant spectrum

overlap between the solar irradiation and black body radia-

tion, the solar thermal efficiency shows a strong dependence

on Wtran. As Wtran increases from 0 to 2000 nm (Fig. 1,

inset), thermal transfer efficiency decreases rapidly from

77% to 58% provided that the absorber has an ideal upper

and lower absorptivity (ah¼ 1, al¼ 0, dashed line in Fig. 1).

It means that sharp absorption cut-off is critical for efficient

solar thermal conversion. However, most of the previous

studies have mainly focused on the absorption selectivity

instead of the absorption cut-off (supplementary material,

Table S1 of Part I). In addition, most of the spectrum selec-

tive absorbers only work efficiently under limited working

conditions because of their fixed cut-off wavelength. In this

letter, based on systematical study on the absorption cut-off

as well as temperature dependent semiconductor properties,

we demonstrate that the semiconductor nanowires enabled

SSA with the sharpest absorption cut-off that are favorable

for a wide range of operating conditions.

It is known that bulk semiconductor materials are not

ideal SSA for at least three reasons. (1) Due to the large

refractive index mismatch between the semiconductor and

air, there is a significant reflection loss at the surface. (2)

Sub-bandgap absorption of semiconductors due to activated

impurities and free carrier absorption would greatly increase

the absorption below the bandgap and finally deteriorate the

absorption selectivity. (3) For an indirect bandgap semicon-

ductor (such as silicon), the absorption close to the bandgap

is usually inefficient because of the momentum mismatch

and therein ultralow interband transition probability.

In the past few decades, nanostructures and anti-

reflection coatings have been employed to reduce the optical

reflection and thus enhance absorption.23,24,26–29 Recently,

Bermel et al.6 theoretically discussed the performance of the

smooth silicon absorber at 1000 K based on a simplified

model, in which only the interband absorption was consid-

ered while the sub-bandgap absorption was ignored. In the

current study, sub-bandgap absorption because of free carrier

absorption at elevated temperatures is taken into account. As

the absorption coefficient of silicon decreases exponentially

with an increase in the incident wavelength, the absorption

depth of visible light is much thinner than that of near infra-

red light (supplementary material, Fig. S1 of Part II). Based

on fine structure designs, it is feasible to enhance the light

absorption of a thin semiconductor absorber at shorter wave-

length (solar spectrum) while limiting light absorption at lon-

ger wavelength (infrared spectrum).

The absorption coefficient (a) and the index of refraction

(n) of silicon can be calculated according to the formula30–32

a ¼ aBG þ aFC þ aL; (3)

n2 k; Tð Þ ¼ e Tð Þ þ L Tð Þ
k2

A0 þ A1T þ A2T2
� �

; (4)

where aBG, aFC, and aL are the coefficients of the interband

absorption, free-carrier absorption, and lattice-vibration

absorption,30,31 and e(T) and L(T) are fitting parameters for

silicon.32 Figure 2(a) shows the measured and calculated

absorptivity of a 500–lm-thick silicon wafer. The absorptiv-

ity curves of silicon wafer with different thicknesses at

1000 K are calculated as well [supplementary material,

Fig. S2(a) of Part III]. One may find that, as the operating

FIG. 2. (a) Measured (solid lines) and

calculated (dashed lines) absorptivity

of a 500-lm-thick silicon wafer at ele-

vated temperatures. (b) Absorptivity

of 3 lm silicon wafer with and without

nanowires under 1400 K, both calcu-

lated by the fullwave finite difference

time domain (FDTD) method. The

oscillation in the absorption spectra is

due to interference of the finite thick-

ness. (c) The ideal cut-off (bandgap) of

semiconductor-based SSA for different

operating temperatures and solar con-

centrations. The dashed line refers to the

bandgap of silicon (black) and gallium

arsenide (gray). (d) Matching area of the

bandgap of silicon and spectra

intersection.
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temperature increases up to 1000 K, 50 lm thick silicon

absorbers can maintain a low near infrared absorptivity

(�0.3). The thinner film (�3 lm) can enable such selectivity

even for temperatures up to 1400 K [Fig. S2(b)]. The absorp-

tivity spectra of a 3–lm-thick silicon wafer (under 1400 K)

with and without nanowires are shown in Fig. 2(b) (see the

details of optical modeling in the supplementary material,

Part V 2). It is expected that because of the efficient light

trapping effect of nanowire arrays, the short wavelength

absorption is distinctly enhanced while the long wavelength

absorption is almost unaffected.

Another unique feature of semiconductors is the temper-

ature dependent bandgap because of thermal expansion and

electron-phonon interactions. According to the Varshni

empirical equation,33 the bandgap of the semiconductor can

be written as

EgðTÞ ¼ Egð0Þ � AT2=ðBþ TÞ; (5)

where Eg(0), A, and B are the fitting parameters for different

semiconductors.34–36 Based on the parameters of silicon,34 a

red shift of bandgap Eg(T) at high temperatures can be

expected [Fig. 2(a)]. As the temperature increases (up to

1500 K), the silicon bandgap decreases from 1.1 eV to 0.65 eV

(the ideal range for high temperature solar absorbers). The

temperature dependent bandgap makes the semiconductor-

based SSA quite favorable for versatile operating condi-

tions. For solar irradiation on Earth, the maximal thermal

transfer efficiency can be achieved when the spectra inter-

section matches the bandgap of silicon. Spectra intersection

is given by

BðT; vÞ ¼ CBAM1:5ðvÞ; (6)

where B(T,v) is the Planck function spectral radiant power at

temperature T and frequency v. C is the solar concentration.

BAM1.5(v) is the solar irradiation power at frequency v with

respect to the standard of AM 1.5D.

An ideal case is that the bandgap (Eg) of silicon equals

the photon energy (h�) of the intersection point of the solar

spectrum and blackbody irradiance, revealing the maximal

efficiency condition at arbitrary temperature for SSA. Note

that the solar spectrum on Earth is different from a smooth

blackbody radiation curve because of absorption related to

gases, dust, and aerosols.37 These spectrum valleys will sig-

nificantly change the required cut-off wavelength of the

SSA38 [Fig. 2(c)]. In other words, the spectra intersection

will vary discontinuously according to the solar concentra-

tions and operating temperatures.12 More detailed calcula-

tions are performed from 1300 to 1500 K [Fig. 2(d)],

indicating that silicon can serve as a perfect selective

absorber for versatile operating conditions (temperatures of

1350–1460 K and solar concentrations of �300–1000 suns).

In this area, the bandgap difference of silicon and ideal

absorption cut-off is no more than 0.01 eV. Different from

the selective absorbers with a fixed absorption cut-off

wavelength, the temperature dependent bandgap of selective

absorbers would be more convenient for system designs and

implementation.

It is expected that this semiconductor-nanowire-based

SSA can be applied to a wide range of material systems with

different bandgaps. For example, nanowires based on gallium

arsenide (GaAs) and other compound semiconductors can

also be fabricated by a template assisted etching process.39

To systematically evaluate the solar thermal efficiency of dif-

ferent absorbers under different operating conditions, the

thermal transfer efficiency of four absorbers, including ideal

blackbody, hypothetic SSA with the fixed cut-off wavelength

(�1500 nm), ideal silicon, and GaAs SSA, has been calcu-

lated as a function of operating temperature as well as optical

concentration (Fig. 3). In the theoretical modeling, selective

FIG. 3. Calculated thermal transfer

efficiency of four different absorbers:

(a) ideal blackbody, (b) a hypothetic

selective absorber with a fixed cut-off

wavelength of 1500 nm, (c) silicon-

nanowire-based SSA, and (d) GaAs-

nanowire-based SSA, respectively.
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absorbers with an ideal step function absorption profile across

the band edge are considered. To eliminate the influence of

different values of absorptivity, the absorptivity above

(below) bandgap is set as 0.97 (0.15), respectively, and Wtran

is set as 200 nm. Particularly, GaAs has a larger bandgap than

silicon and exhibits quite different temperature dependent

behaviors [Fig. 2(c), gray dashed line].35 One may find that

all the SSA show higher thermal transfer efficiency than

blackbody at lower solar concentrations and higher tempera-

tures [with respect to the upper left region in Figs. 3(a)–3(d),

respectively] because of more suppressed thermal emission,

while the ideal blackbody would enable higher efficiency

than SSA at higher solar concentrations and lower operating

temperatures [with respect to the lower right region in Figs.

3(a)–3(d), respectively], as infrared emission is relatively low

and solar absorption is most critical under these conditions.

In addition, both silicon- and GaAs-nanowire-based SSA

would perform even better than SSA with fixed cut-off wave-

length under higher temperature conditions because of the

temperature tunable bandgap properties.

Finally, silicon nanowires are fabricated by a scalable

acid-etching process40,41 to experimentally demonstrate the

semiconductor nanowire based SSA. The black appearance

of the wafer [inset in Fig. 4(a)] after the treatment indicates

the desirable antireflection and light trapping properties of

the random nanowires.42–44 Therefore, it is expected that sili-

con nanowires can enable sharp absorption cut-off nearby

the band edge. In Fig. 4(a), the sample with silicon nano-

wires shows absorptivity more than 97% in the range of

200–1000 nm, a 30% improvement compared to the bulk sili-

con wafer without any treatment. Meanwhile, there is no

enhancement below the bandgap of silicon, leading to the

desirable sharp cut-off with absorption decreasing rapidly

from 0.97 to 0.15 across a narrow wavelength interval (Wtran

¼ 200 nm). This significant enhancement can be attributed to

the cone-like composite structure formed by nanowires col-

lapse [Fig. 4(b), left].

As SSA are commonly expected to work at high temper-

ature, thermal stability needs to be carefully examined. The

silicon nanowire arrays are annealed at 1373 K for 1 h. As

shown in Fig. 4(b), there is no change of morphology before

and after annealing treatment. The absorption spectra before

and after high temperature annealing are almost unchanged

as well [Fig. 4(c)], except for a slight absorption increase

(0.05) below bandgap related to the activated impurities orig-

inally existing in the sample.30,45 The absorption performance

of the nanowire-based SSA is nearly angular insensitive [Fig.

4(d)], which is beneficial for real working conditions.

In summary, we report the semiconductor-nanowire-based

SSA with excellent selectivity (absorptivity above/below

bandgap �0.97/0.15) as well as extremely sharp absorption

cut-off (transition bandwidth �200 nm). In addition, the pro-

posed SSA enable tunable absorption cut-off taking advantage

of the temperature dependent bandgap of semiconductors. The

thermal stability and thermal transfer efficiency under different

operation conditions (temperature and solar concentration)

have been systematically investigated as well, indicating supe-

rior high temperature selectivity performance. This semicon-

ductor-nanowire-based SSA can be considered as a promising

candidate for high efficiency solar thermal conversion, espe-

cially beneficial for operating conditions of high solar concen-

tration and high temperature.

See supplementary material for the comparison of

state-of-art selective absorbers, fabrication of thin silicon

absorbers, model of semiconductor’s absorption, and thermal

transfer efficiency.

We acknowledge the micro-fabrication center of

National Laboratory of Solid State Microstructures

FIG. 4. (a) Measured absorptivity of

black silicon (with nanowires) and sili-

con wafer. Insets are the optical photo-

graphs of silicon wafer (left) and black

silicon with nanowires (right). (b)

SEM images of silicon-nanowire-

based SSA before and after annealing

treatment. (c) Absorptivity of silicon-

nanowire-based SSA before and after

annealing treatment at 1373 K. (d)

Measured absorptivity at different inci-

dent angles.
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