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Design of 4-layered structure with single Cr-W alloy layer to achieve high
and broadband photon-to-heat conversion efficiency
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Abstract: A composition dependent model based on the Cr-W alloy structure has been studied to make it possible

to be put into practical application. In terms of the optical properties of the Cr-W alloy with defined composition, a

simpler 4-layered structure with single Cr-W alloy absorption layer has been designed to show the merit of high

photon-to-heat conversion efficiency in the broad spectral region of 300 ~1000 nm.
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Introduction

In past years, the research had been carried out to
focus on photon-to-heat conversion based on the multilayer
film structure to achieve high photon energy absorption in
a broad wavelength region. In 2007, we proposed and
tested a 4-layer metal/dielectric film structure using Ti as
the absorption layer'" | which achieved a photon-to-heat
conversion rate of > 95% in the 400 ~ 700 nm spectra
range.

To improve its performance, we tried many other ma-
terials and different structures. The performance of a 6-
layer film structure, designed in 2013, was significantly
improved in the UV region'”’. Another design, using an
8-layer structure, the high absorption region even can be
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extended to the 250 ~2 000 nm wavelength region.

In those studies, with the most known materials
applied in the data simulation and test, we found that a
much more complicated structure will be required to im-
prove more of the performance of the device. From 4-layer
structure to the newly designed 8-layer structure, we can
only achieve better performance with the cost of a much-
complicated structure, which results in higher cost and
complex fabrication process to make it be less feasible in
the application. In this case, a new approach to find the
material with proper optical properties will be required to
improve the performance without adding more layers to
the structure.

In this work, an analytical model of the Cr-W alloy
material has been studied to make it possible that any
Cr-W alloy with the new optical property that is different
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from the ones owned by the individual element material
can be acted as the absorption and reflection layer in the
simpler 4-layer film structure. This certainly can provide
us with a new method for the design of the multilayer film
structure.

1 Dielectric function model

Usually, the optical property of new materials has to
be tested before we can design a multilayer structure with
it. This may cost a lot of work trying to find out what
composition of the alloy to be best for a film structure,
especially when there are more than one alloy layers re-
quired in the structure.

An analytical model of Cr-W alloy will enable us to
predict the optical property with a certain composition.
With the help of this model, a simple optimization proce-
dure will produce a solution with the best composition of
the alloy for the structure.

Rioux et al. had proposed an analytical dielectric
model of Au-Ag alloy based on critical point analysis of
the band structure?'. They fitted the model to extract the
values of dielectric functlon e for Au, Ag, and AuAg50;
50, respectively. We will use the same method to estab-
lish the dielectric model for Cr, W, and their alloys.

Most of the inflections occurred in the dielectric
function are correlated to the critical points ( Van Hove
singularities ) ¥/ of the joint density of states (jDOS).
According to the work by Rioux et al, due to the critical
point attributed by the interband transitions, the dielec-
tric function €, can be presented as a convolution of

JDOS and a Lorentz oscillator"® .
® 'DOS
€ (o) :Aj ]2 <le>. 2 (1)
" wi(og ~- (0 +il)7)
where A is the amplitude parameter, k and 1 in frequency
w,, are the occupied and empty states, respectively, and
hw, is the transition energy between these two states.
Thus, the model of jDOS in Eq. 1 is required to obtain
the dielectric function of &.

The function of jDOS is mainly affected by the char-
acteristic of critical points in the Brillouin zone, most of
which are located at the high symmetry point of the band
structure. The band structure of Cr and W around high
symmetry points is calculated by using the CASTEP ap-
proach based on density functional theory with the result
shown in Fig. 1.

Both W and Cr crystals have a body-centered cubic
(BCC) symmetry with the middle point K along the A
(T-H) line. At the T symmetry point of W, there are
two different types of critical points with the same transi-
tion energy of 3.5 eV an MO type with positive effective
mass along three directions ( all three directions are along
the I'-H line in this case due to symmetry) and an M3
type with negative effective mass along three directions in
the same situation. At the N symmetry point of W, the
critical point is the M3 type (two directions are along the
N-P line due to symmetry, and another is along the N-K
line in this case). According to the work by Christensen
et al'®’ | there is another M2 critical point along the ¥
(T'-N) line near the middle point with transition energy

around 3 eV.

Band structure of Cr

T

Fig.1 The band structure of W and Cr around the M2 critical
point along the Y, line near the middle point and the M3 criti-
cal point at the I" symmetry point
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Preliminary fits show that in the 0.5 ~5.1 eV re-
gion, the dielectric function of both W and Cr are mainly
affected by the M2 critical point along the Y, line near
the middle point and the M3 critical point at the I" sym-
metry point.

The function of jDOS near the M2 critical point can
be approximated by a parabolic expansion;

iDOS(w) o {C (0 <wp)

VO — w0y (w > wgz)
(2)

At any energy lower than wg, shown in Fig. 2, the
JDOS will be zero. Then the contribution to £ in Eq. 1
will become ;
€ (o) =
A, [J’ * doy, B J’w VO ~ 0 do ]

“#wlk .~ —(w+i1‘2)2) ‘"gzwlk(wlkz_(W+irz)2> "
w+il, ,
2(w +lF2) [C In(1 - W )
(2 Yoy - Vo, +o+il,) - wﬂ—w—iFQ] - (3)
For an M3 critical point the jDOS is;

JDOS(w) = {g t oy —o (0 <oy) . (4)

3 (w >wg3)

At any energy lower than wy; in Fig. 2, the jDOS is
zero. By letting jJDOS(wy; ) =0 in Equation 4, we have;

= - Joiz —wy. The contribution of the M3 critical

point is then

€3 (0) =
J’“gs Yoz = oy doy ]

A [J‘ 3 da)“\ +
2 2 SN2
w0 @y, ( wlk (0 +il3)7) ooz oy (@ = (0 +1I5)7)

C T.\2 2
SN [SRIRTEL S S R
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T S [mm)] (o)

R 2 -
(o +1iT5) o+l to,

Here we use J=A + C and K =1/C instead of A and
C for the convenience of setting the parameter range.
Since the jDOS of W has an M2 and an M3 type critical
point, the dielectric function can be written as an equa-
tion with 13 parameters all being defined previously :
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=&, — m + ECI’Z(Q)’J27K2,(");;2’F2) +
ECP3<w’]3’K3?a)g3’w03’F3> . (6)
The dielectric function of Cr and Cr-W alloy with
different composition has exactly the same form of Eq. 6.
Parabolic approximates are used to model each parame-
ter. 3 groups of the sub-parameters have been achieved
by fitting the model to the measured & of different compo-
sition. Thus, each parameter in the composition depend-
ent model of Cr-W alloy can be described by a composi-
tion function defined by 3 groups of sub-parameters. For
example, the plasmonic frequency w, with a tungsten mo-
lar fraction ( WMF) can be calculated using the equa-
tion :
w,(WMF) = a(WMF)? + bWMF +¢. (7)
After all the binomial coefficient of 13 parameters
determined by fitting, the complete model of Cr-W alloy
of arbitrary composition is defined only by WMF, to
make it possible design and optimize a multilayer struc-
ture using the Cr-W alloy as the absorption and reflection
layer.

2 Measurement result

Figure 2 shows the real and imaginary parts of & for
the six measured films. All six metal and alloy films de-
posited by the magnetron sputtering method are thicker
than 250 nm. The transition is much sharper for the pure
metals comparing with the alloys, which is in agreement
with the results in Au-Ag alloys'*’.

3 Fitting procedure

A genetic algorithm is used in the data fitting proce-
dure'”®. This method forms a generation containing 13
parameters. For the first generation, the value is ran-
domly chosen for each parameter. The fitness of each in-
dividual parameter in the generation is determined by the
least variance between the measured and modeled dielec-
tric function. The individual parameter with higher fit-
ness has a higher probability to undergo to the next round
of reproduction. With enough generations, the best fitted
parameters will be generated to present the data in con-
sistency with the measured ones.

Table 1 shows the fitting parameters for the dielec-
tric function of Cr-W alloy. Figure 3 shows the real and
imaginary parts of measured dielectric function of CrW
57:43 and the one predicted by the model which is in
good agreement with the experimentally measured ones.

% 1 Fitting parameters for the dielectric function of Cr-W alloy

x1 Cr-WEETRAEHNBESH

/ 64:36

57:43

48:52
CrW 19:81
W

Energy/eV

(®)

Fig.2 Measured a) real and b) imaginary parts
of the dielectric function & for Cr, W and Cr-W
alloy

El2 Cr, WK Cr-W &4 R e A9 &
458 (a) 94, (b) HEHR

Model
Measurement

2 3

Energy/eV

Fig. 3  Modeled ( dashed lines) and measured
(‘solid lines) dielectric function for CrW 57 .43
3 CrW 57:43 £~ sREC BRI 25 3 (g
2 ) LU S e 5 R (522R)

o,/eV r s./eV  wp/eV  wy/eV r,

p

/)

K, wg/eV  wg/eV J J3 K

L4 5.927 0.133 1.585 2.403 2.395 0.999
CrW48 .52 5.481 0.205 0.918 2.412 2.390 0.998
Cr 5.546 0.395 2.599 2.876 1.653 0.542

103.873
62.958
39.533

0.301 2.228 0.475 0.991 37.323 0.271
0.287 2.324 0.329 0.998 44.644 0.725
0.995 1.789 0.611 0.683 49.198 0.620
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4 Multilayer structure

The photon-to-heat conversion multilayer structure
was designed and simulated using the transmission matrix
method """

After choosing material for each layer, the thickness
of these layers is set as the optimal variable. In most ca-
ses, the structure with more layers will be required with
the thickness variable being optimally adjusted to get the
best result.

However, the structure with more layers also will
lead to the fabrication process in a more complicated way
with higher cost to be less favorable for application. Here
we use the composition of the alloys as the variable to
perform the optimal calculation by replacing the pure
metal with alloys instead of adding the additional layers
into the structure.

The sketch of newly designed 4-layer structure is
shown in Fig. 4. From top to bottom, we use a layer of
Si0, ( ~100 nm) as protection and antireflection layer;
the Cr-W alloy layer (5 ~15 nm) to play a key role for
photon energy absorption; another SiO, layer ( ~ 100
nm) is responsible for phase matching. At the bottom we
also use Cr-W alloy layer ( >200 nm) as a high reflec-
tion layer to avoid any light penetration through the struc-
ture.

Si0O, (Protection)

Cr-W (Absorption)

SiO, (Transparent)

Fig.4 Schematic structure of newly designed 4-layer alloy/
dielectric device consisting of [ SiO,/Cr-W/Si0,/Cr-W |
B4 Bt sz & e/n i 2 )2 )RS5 R &

[ Si0,/Cr-W/Si0,/Cr-W ]

The optimizing procedure also uses a genetic algo-
rithm. The variable values, including the thickness and
the composition ( WMF) of the Cr-W alloy, initially are
randomly chosen for each layer. The best fitness is ob-
tained by taking the largest photon-to-heat conversion
rate in the spectral region of 300 ~2 000 nm considering
the weight of AM 1.5 solar spectrum'>'"*). The absorp-
tion spectra of the simulated structure [ Si0, 90.7 nm/Cr
5.2 nm/Si0, 93.4 nm/ CrW33:67 >200 nm | is shown
in Fig. 5 with comparison to the absorption spectra of ear-
ly designed 4-layer and 6-layer structures. The calculat-
ed conversion rate of the simpler 4-layer structure using
CrW 33.67 as the reflection layer is 96. 38% , better
than 92.85% of the 4-layer structure using the pure Ti
metal, close to 99.45% of the 6-layer structure.

The reflection of the sample is tested by a spectro-
photometer. As the transmission of the structure is zero,
the absorption can be calculated by equation; A =1 - R.

The measured absorption is shown in Fig. 6 with a con-
version rate in average of 93. 87% . The SEM image is
shown in Fig. 7.

0 200 600 1000 1400 1800 2200

Energy/eV

Fig.5 Black line is the simulated absorption spectrum for 4-
layer structure [ SiO, 90. 7 nm/Cr 5. 2 nm/SiO, 93. 4 nm/
CrW33.67 >200 nm]. The absorption spectra of the early
designed 4 and 6-layer structures are also presented in compar-
ison

5 RERRENUZEELER [ Si0, 90. 7 nm/Cr 5.2 nm/
Si0, 93.4 nm/ CrW33:67 >200 nm ] IR L (R 25

TR AT 2 53 ) Ry ad AR H DU 2 K S J2 B R BT A B 25 2R

Absorptance/%

Simulation

Measurement

300 600 900 1200 1500 1800 2100

Wavelength/nm

Fig. 6 Tested and calculated absorption of newly designed 4-
layer alloy/dielectric device consisting of [ SiO,/Cr /SiO,/

CrW 33.67]
E 6 DUZA 4/ o B4 #4 W IS 26 i I it 25 SR 5T 3
LELT . 3045 . [ Si0,/Cr /Si0,/CrW 33:67]

5 Conclusion

We have built a model to establish the dielectric
function of Cr-W alloys with variable composition and ap-
plied it for design of a 4-layer photon-to-heat conversion
structure.

The new design using CrW 33.67 alloy as the re-
flection layer to achieve a 93. 87% photon-to-heat con-
version rate in 300 ~2 000 nm range with the simpler 4-
layer structure, showing a good prospect of the applica-
tion of the alloy in the design of multilayer films.

Experiment section

Magnetron Sputtering: Alloy thin films are deposited
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Fig.7 SEM image shows clearly the 4-layer structure. The
thickness of each layer is about; [ SiO, 94. Inm/Cr 9. 5nm/
Si0, 92.0 nm/ CrW33.67 319.4 nm]. The thickness of Cr
layer is hard to judge due to the transition layer between Cr
and SiO, layer

7 SEM RIS n] DLk oA 64 DU SRS 4L . 45 )2 2 TR
. [Si0, 94. nm/Cr 9. 5nm/SiO, 92. nm/ CrW33:67 319
nm]. T Cr fl SiO, J22 Z MIAF1E 1 )2 75 Cr )2 5
BE M B A HELL A

by co-sputtering Cr and W on the 1.2 mm-thick Si wafer
using INFOVION ISB-1200 magnetron sputtering system.
The working pressure is 1 mtorr.

Composition of each sample is analyzed by ICP-AES
method, using Jarrell-Ash Atom Scan 2 000. Dielectric
function is measured by the ellipsometry method using a
Wollam-VASE ellipsometer. The absorption spectrum of
the 4-layer structure was tested by a SHIMADZU
UV3600PLUS spectrophotometer.
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