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Abstract. Improving spectral photon harvesting is important for thin-film
multijunction cells. We show that efficient spectral flux management can
be achieved using genetic algorithm-optimized surface plasmon (SP) cav-
ity-resonant type multijunction cells. We also observe that the excitation of
the SP quasi-guided mode, Fabry–Perot mode, and SP polariton signifi-
cantly enhance the photocurrent of multijunction cells. Two types of cavity
structures are investigated. For the optimized SP intermediate reflector
and bottom-grating cavity, the resonant cavity mode efficiently increases
the long-wavelength absorption in the bottom cell by 63.27%, resulting
in reduced absorbance asymmetry between the top and the bottom
cells. Accordingly, the matched integrated absorbance is increased by
14.92%. For the optimized SP top- and bottom-grating (TBG) cavity,
the integrated absorbance and current matching are improved due to
the higher transmission through the solar cell front surface and the exci-
tation of the quasi-guided mode with a more localized field in the bottom
cell. The matched integrated absorbance is improved by 85.68% for the
TBG cavity. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10
.1117/1.OE.52.6.064002]
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1 Introduction
The use of multijunction cells, which are occasionally
referred to as tandem cells, is a practical method to exceed
the Schokley and Quessier limit of photovoltaic devices.
Recently, surface plasmon (SP) photovoltaics have drawn
considerable attention, because they can provide a new
route to improve thin-film solar cell light-trapping below
the diffraction limit.1–23 The SP phenomena that have
been related to photovoltaics include localized surface
plasmon,1,3,4,8,24 surface plasmon polariton (SPP),1,6,7,16,24

and far-field enhancement. Previous studies included a single
metallic nanoparticle array on the top of a semiconductor
layer1,3,16,25 to enhance photon forward scattering and plas-
monic back reflectors showing SPP propagation along the
metal/semiconductor interface.1,6,7,16,24 Although a single
metallic grating on the top or on the bottom of the semicon-
ductor thin-film effectively improved solar cell efficiency,
cavity design is necessary to improve the efficiency even
further. Here, the SP cavity design was applied to the multi-
junction cells. For multijunction cells, current matching is
the most important consideration to maximize the efficiency;
therefore, the subcells should have matched integrated absor-
bances. To optimize the geometrical parameters, a genetic
algorithm (GA) was employed in this study. GA is a global
search method that mimics natural evolution. It can identify a
global maximum for ill-behaved objective functions, such as
the optical cavity design, which is impossible to achieve
using conventional optimization methods. The micromor-
phic silicon multijunction cell was used as an example to
demonstrate the effectiveness of GA-optimized SP cavity
for spectral flux management in the multijunction cells.

Micromorphic multijunction cells normally require a thick
microcrystalline silicon (μc-Si) bottom cell due to the low
absorption coefficient of μc-Si. Therefore, an SP microcavity
can be employed to improve the absorbance of the μc-Si
bottom cell and the current matching of the entire multijunc-
tion cell.

2 Surface Plasmon Structure and Calculation
Procedure

In this study, the film thickness of the bottom μc-Si subcell
was thinner than the value required to match the top amor-
phous silicon (α-Si) cell. This situation better reflects the
effect of the SP cavity on improving the bottom cell absorb-
ance and the current matching. Figure 1 illustrates two types
of cavity plasmonic design, which includes the intermediate
reflector and bottom-grating (IRBG) cavity and the top- and
bottom-grating (TBG) cavity.

Two types of cavity, i.e., plasmonic IRBG and plasmonic
TBG are proposed. For the SP IRBG, the cavity consists of
an Ag-back reflector, an Ag and ZnO bottom grating, a μc-Si
thin film, Ag intermediate reflectors, and an α-Si thin film.
For the SP TBG, the cavity consisted of an Ag back reflector,
an Ag bottom grating, a μc-Si thin film, an α-Si thin film, and
an Ag top grating. The optimization is performed by adjust-
ing each geometrical parameter until the highest absorbance
is obtained. The material parameters can be referenced in the
literature.26–29 The silver parameter was obtained from
Palik.30 The silicon parameter was obtained from SOPRA.
The ZnO parameter was obtained from the Hand Book of
Optics, 2nd ed.31 The details of the integrated absorbance
calculation can be obtained from Refs. 32–35. The Poynting
vector and the absorption power density are0091-3286/2013/$25.00 © 2013 SPIE
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Ppoynting ¼ E
⇀ðr⇀Þ ×H

⇀ðr⇀Þ Pabsorption ¼ E
⇀ðr⇀Þ · J⇀ðr⇀Þ; (1)

where the Poynting vector characterizes the incident power
per unit area and the absorption power density characterizes
the absorbed power per unit volume. The electromagnetic
field is essentially a time-varying field, thus, a time-averaged
quantity is of interest. The Poynting theorem under a har-
monic steady state describes that the time-averaged inflow
power equals the time-averaged absorbed power.Z

V
Pabsorption;avgdvþ

Z
S
P
⇀

poynintg;avg · dS
⇀

¼ 1

2

Z
V
RefE⇀ðr⇀Þ · σðλÞE⇀�ðr⇀Þgdv

þ 1

2

Z
S
RefE⇀ðr⇀Þ ×H

⇀�ðr⇀Þg · dS
⇀
¼ 0; (2)

where σ is the conductivity of the materials. The absorbance
is the absorbed power divided by the incident power.

AðλÞ ¼
1
2

R
RefσðλÞE⇀ðr⇀Þ · E⇀�ðr⇀Þgdr⇀

1
2

R
RefE⇀ðr⇀Þ ×H

⇀�ðr⇀Þg · dS
⇀ : (3)

Next, the integrated absorbance is calculated by averaging
AðλÞ weighted by the AM 1.5 solar spectrum.

Int:Absorbance ¼
R

λ
hc SðλÞAðλÞdλR

λ
hc SðλÞdλ

; (4)

where SðλÞ is the AM 1.5 solar spectrum, h is the Planck
constant, λ is the free space wavelength, and c is the
speed of light. The photocurrent of each subcell can be
directly determined by the integrated absorbance if the
solar spectrum SðλÞ in Eq. (4) is in units of joule per unit
time per unit area per unit wavelength (Js−1cm−2nm−1).

In this work, the discretization of Maxwell’s equation is
performed using the two-dimensional (2-D) FEM using the
COMSOL Multiphysics software package.34 The incident
light illumination on the solar cell is a transverse magnetic
(TM)-polarized plane wave with wavelengths between 400
and 1000 nm, which is the wavelength range of interest
for silicon materials. Only the TM-polarized wave is exam-
ined here, because a transverse electric (TE) wave does not

cause the surface plasmonic effect in 2-D.1 Periodic boun-
dary conditions are set at the left and right boundaries,
whereas perfectly matched layer absorbing boundary con-
ditions are used at the top and bottom boundaries of the
computational domain. Next, the absorbance in silicon is
calculated by integrating the divergence of the time-averaged
Poynting vector. Only the absorbance in silicon generates an
electron-hole, while the absorbance in metal causes SP
absorption loss.

The optimization in this arrangement is only for TM-
polarized light incident on one-dimensional grating struc-
tures in 2-D simulation domains. In 2-D problems, only
TM wave excites the SP modes.4 For TE wave, the proposed
geometry might not be optimal, and the absorbance for TE
wave might not be boosted by the optimization procedure.
Nonetheless, the optimization procedure in this study can
be easily extended to three-dimensions. The 2-D simulation
here illustrates the surface plasmonic enhancement associ-
ated with the TM-polarized light.1,3 In three-dimensional
geometry, both TE and TM light will excite the SP modes.
If the grating geometry is symmetric, e.g., circularly or
squarely shaped gratings, the TE and TM responses are
the same at normal incidence. In this case, the optimization
can boost the absorbance of both polarizations, and can cer-
tainly boost the absorbance for unpolarized sunlight.

3 Optimization Procedures using Genetic
Algorithm

A GA or an evolutionary algorithm is a stochastic global
search method that mimics a natural biological evolution.36

The principle of survival of the fittest is applied to a popu-
lation of individuals, which are potential solutions to the
problem. Individuals with higher fitness in the problem
domain have a better chance to be selected and to reproduce
their own offspring. This results in individuals who are better
suited to the environment tending to have more children
and higher fitness as the evolution process proceeds, just
as in natural adaptation. GA is particularly suited for search
in very large or unbounded sample spaces, and they have
been proven useful in many different fields.37–40 For light
coupling and trapping in solar cells, the complexity associ-
ated with the wave nature of light and the broad solar spec-
trum result in a similarly large sample space for the possible
grating structures to optimize the solar cell absorbance. For a
multijunction cell, the objective is to match the integrated
absorbance for all of the subcells. This objective is referred
to as current matching. Because the photocurrent of a
multijunction cell is clamped by the subcell with the lowest
integrated absorbance, the matched integrated absorbance
is essentially the lowest integrated absorbance of all of the
subcells.

Lowest Int:Absorbance ≡Matched Int:Absorbance: (5)

In this study, the terms “matched integrated absorbance”
and “lowest integrated absorbance” of all of the subcells are
used interchangeably for multijunction cells. The integrated
absorbance is calculated by averaging the spectral absorb-
ance weighted by the solar spectrum as indicated in
Eq. (4). In this study, the lowest integrated absorbance of
all subcells, Lowest Int. Absorbance, is defined as the objec-
tive function, and its value depends on the solar cell geomet-
rical parameters:

(a) (b)

Fig. 1 Two designs of the surface plasmon (SP) cavity.
(a) Intermediate reflector and bottom grating (IRBG) cavity, (b) and
bottom-grating (TBG) cavity.
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Lowest Int:Absorbance ¼ fðx1; x2; x3; x4; x5; x6; x7Þ; (6)

where x1; x2; x3; x4; x5; x6, and x7 are the geometrical param-
eters, such as the grating depth, period, fill factor, etc. Only
the absorbance in silicon contributes to the electron-hole
pairs, and the metallic absorbance should be excluded.
There are more specific definitions for the objective func-
tions of the IRBG and TBG cavities, which will be provided
later. For the objective functions with only one or two inde-
pendent variables, an iteration over the entire search space
can be used to locate the function maximum. Nonetheless,
for functions with more variables, optimization is generally
necessary. GA has been shown to be effective for locating the
maxima of objective functions with a large number of inde-
pendent variables.37,38

4 Optimized Intermediate Reflector and Bottom
Grating

Figure 2 illustrates the device structure of the IRBG cavity
tandem cell. The structure is expected to significantly
increase the bottom cell absorbance using SP photon inter-
action. FFm is the fill factor of the intermediate reflector and
FFb is the fill factor of the bottom grating. The values tg;m
and tg;b are the grating heights of the intermediate reflector
and the bottom grating, respectively, ξm and ξb are the asym-
metry factors of the intermediate reflector and the bottom
grating, respectively, and Λ is the grating period. The objec-
tive function is defined as

Lowest Int:Absorbance ¼ fðtg;m; tg;b; ζm; ζb; FFm; FFb;ΛÞ:
(7)

For the micromorphic tandem cell, the bottom μc-Si
absorption is always weaker than the top α-Si absorption,
thus, the objective function is the integrated absorbance of
the μc-Si cell. The optimization procedures were described
in detail in Sec. 3. The optimized geometry is FFm ¼ 0.1127,
FFb ¼ 0.5825, tg;m ¼ 0.01 μm, tg;b ¼ 0.0743 μm, ξm ¼
0.3824 μm, ξb ¼ 0.05 μm, and Λ ¼ 0.5 μm. In this study,
the thicknesses of the α-Si and μc-Si layers were fixed at
60 and 400 nm, respectively.

Figure 3 shows the spectral responses for the top and the
bottom subcells and their sum. The baseline cell was a planar

cell with a back reflector. The top cell is an α-Si cell, thus, its
bandgap is larger than that of silicon, which was approxi-
mately 730 μm. Hence, the spectral response of the α-Si
top cell cuts off below 730 μm, because the solar photon
with wavelength longer than the α-Si bandgap did not con-
tribute to the top cell photocurrent. The bottom cell is a μc-Si
cell. This cell can absorb the photons with wavelengths
above 730 μm that were not fully absorbed by the top
cell, and can also absorb photons with wavelengths below
730 μm. Figure 3 shows that the spectral response at long
wavelengths is significantly improved by the SP IRBG struc-
ture. The quasi-guided mode excitation is significantly pro-
nounced compared with the baseline, and a broad-band
enhancement is achieved by the SP cavity. To quantize
the broad-band enhancement, the integrated absorbance of
wavelengths below 730 μm for the bottom cell is calculated
as 0.0929, while that of the baseline cell was 0.0569. A
63.27% improvement in long-wavelength absorbance is
achieved by the SP cavity due to the GA-optimized design
and the SP photon interaction. The matched integrated
absorbance, or equivalently the bottom cell integrated
absorbance, for the full spectrum from 400 to 1000 nm is
0.1356 and 0.1180 for the optimized cavity and the baseline
cell, respectively, and the improvement is 14.92%. The
IRBG configuration is suitable when the material absorption
of the bottom cell is weak, and light trapping is particularly
important for long-wavelength photons. The enhancement of
the bottom cell absorption for photons with wavelengths
above 730 μm is not notably significant. Thus, in thisFig. 2 Parameters to be optimized for the IRBG solar cell.

Fig. 3 (a) Baseline spectral response and (b) optimized IRBG cavity
spectral response.
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configuration, the top cell should be sufficiently thick to
absorb all short-wavelength photons. Currently, notably few
studies reported the metallic loss, and absorption cross-
sections along the line of Mie scattering theory are com-
monly reported from the literature. Absorption in metal
does not contribute to the electron-hole pairs and should
be minimized. Fortunately, Fig. 3(a) and 3(b) shows that
the metallic absorption is primarily at the long wavelength,
where the silicon absorption is weak and the photons can
arrive at the metal. These long-wavelength photons absorbed
by the metal are unlikely to be absorbed by the silicon even
in the absence of the metal, although the SP cavity enhances
Si absorption at long wavelength. This result is evident given
that the SP-cavity-type multijunction cell [Fig. 3(b)] has a
much higher silicon absorbance than the baseline [Fig. 3(a)],
although its metallic loss is also significantly higher than the
baseline due to the SP excitation.

The quasi-guided mode excitation for the IRBG configu-
ration was notably pronounced, which can be observed in the
long-wavelength part of the spectral response. This result
proves that through optimization, the cavity mode is excited,
and the photon cavity lifetime is effectively extended.

Figure 4 shows the field profiles of the IRBG cavity struc-
ture. The unit in the color bar is not important because the
Maxwell’s equation is linear and the solution is scaled with
the incident field. The absorbance is calculated by dividing
the absorbed power in the silicon film by the incident power;
the absolute value of the incident power and the field inten-
sity do not affect the calculation result. For Fig. 4(a) and
4(b), the guided-mode excitation is of the Fabry–Perot
type, where the pronounced layered profiles indicate that
the photons bounce forth and back between the top and

the bottom facets. SPP is observed at the bottom grating
where the silicon/silver and ZnO/silver dielectric-metal inter-
faces existed. The SPP exhibits a field intensity that was
strongest at the interface, and decays away from the interfa-
ces with the propagating constant kx;SPP along the interface.
The SPP in-plane wave vector kx;SPP can be observed by a
periodic field pattern along the interface direction, which is
the x-direction here. In this work, the absorbance of the
tandem cell is significantly increased using the properly
optimized geometry, and the broad-band enhancement is
achieved by the SP IRBG cavity design.

In Fig. 5(a) and 5(c), the field profiles of the scattering
problem are shown where a total-field-scattered-field-like
boundary condition is imposed on the air region. An incident
solar wave propagates downward and impinges on the solar
cell. Figure 5(b) and 5(d) plots the corresponding eigen-
mode profiles, where, unlike the scattering problem, no
source is imposed on the top of the solar cell. The eigen-
mode excitation exists when the wave vector of the incident
photons matches the wave vector of the Bloch mode at a spe-
cific frequency. The mode profile is essentially the field
profile for the corresponding Bloch mode. The similarity
between the field profiles for the scattering problem and the
eigen-mode problem is the direct evidence of quasi-guided
mode excitations for the proposed optimal IRBG cavity.
Generally, the total field can be factored into an incident
field and a scattered field

HTðr⇀Þ ¼ Hincðr⇀Þ þHscatðr⇀Þ
¼ H0 expðik0yÞ þHscatðr⇀Þ; (8)

Fig. 4 Optimized cavity and field profiles at (a) λ ¼ 606.1 nm,
(b) λ ¼ 763.6 nm, (c) λ ¼ 824.2 nm, and (d)λ ¼ 921.2 nm. The unit
of length is μm.

Fig. 5 (a) Field profiles for λ ¼ 0.8242 μm, (b) corresponding
eigenmodes for λ ¼ 0.8242 μm, (c) field profiles for λ ¼ 0.8 μm,
and (d) corresponding eigenmodes for λ ¼ 0.8 μm for the optimized
IRBG cavity. The unit of length is μm.
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where H0 is the incident magnetic field. Equation (8)
assumes normal incidence and TM polarization, so that the
wave propagates downward along the negative y-axis. To
understand the similarity between the field profile and the
eigenmode profile in Fig. 5, a simple transfer matrix method
in standard electromagnetic theory is useful. Using simple
backward matrix representation, the incident, scattered,
and transmitted waves at a material interface can be
expressed as
�
Einc

Escat

�
¼

�
b11 b12
b21 b22

��
Etrans

Escat2

�
; (9)

where b11, b12, b21, and b22 are the matrix elements of the
backward matrix. Einc, Escat, and Etrans are the incident, scat-
tered, and transmitted waves, respectively, and Escat2 is the
scattered wave by the next material interface. Notice that
Escat, Etrans, and Escat2 are the constituents of an eigenmode,
but Einc is not because there is no incident source field for the
eigenmode problems. This point is easiest to understand by
referring to the procedure of solving eigen-value problems
using the transfer matrix method. If mode coupling is effi-
cient, the majority of the incident power will be coupled
into the corresponding eigenmode that consists of Escat,
Etrans, and Escat2, and the corresponding eigen mode is
excited. When the optical field confinement is strong inside
the cavity, which is the requirement for light trapping, Einc is
diminished compared with Escat, Etrans, and Escat2 at the
steady state. This fact and the efficient mode coupling result
in the similar field profiles for the scattering and the eigen-
mode problems.

5 Optimized Top and Bottom Double Grating
Figure 6 illustrates the device structure for the TBG cavity
tandem cell. We expected that the structure would signifi-
cantly increase the absorption of both the top and the bottom
cells using the SP photon interaction. FFt is the fill factor of
the top grating and FFb is the fill factor of the bottom grating.
The values tg;t and tg;b are the grating heights of the top and
the bottom gratings, respectively, ξt and ξb are the asymmetry
factors of the top and the bottom gratings, respectively, and
Λ is the grating period. The objective function is defined as

Lowest Int:Absorbance ¼ fðtg;t; tg;b; ζt; ζb; FFt; FFb;ΛÞ:
(10)

For a micromorphic tandem cell, the bottom μc-Si absorp-
tion is weaker than the top α-Si absorption. Thus, the objec-
tive function is the integrated absorbance in the μc-Si
cell to make it approach the top α-Si cell integrated absorb-
ance. The optimization procedure was described in detail in
Sec. 3. The optimized geometry is FFt ¼ 0.5, FFb ¼ 0.4746,
tg;t ¼ 0.101 μm, tg;b ¼ 0.095 μm, ξt ¼ 0.0495 μm, ξb ¼
0.2047 μm, and Λ ¼ 0.4365 μm. The thicknesses of the
α-Si and μc-Si layers were fixed at 100 and 400 nm,
respectively.

Figure 7 shows the spectral response of the plasmonic
TBG cavity solar cell. The matched integrated absorbance
for the full spectrum from 400 to 1000 nm is 0.1530 and
0.0824 for the optimized cavity and the baseline cell, respec-
tively. The matched integrated absorbance is improved by
85.68% in reference to the baseline cell. The matched optical
absorbance is what can actually contribute to the photocur-
rent in a series-connected multijunction cell. Because the
photocurrent is clamped by the lower absorbance subcell
in a series connection, the matched absorbance is the lowest
absorbance of all of the subcells. The improvement of the
TBG cavity is due to the transmission improvement at the
multijunction cell front surface. Efficient spectral flux man-
agement is also an important factor in that, after the geomet-
rical optimization, the excited-guided modes generally
possess a higher field intensity at the bottom cell than at

Fig. 6 Parameters to be optimized for the TBG cavity.
Fig. 7 (a) Baseline spectral response and (b) optimized TBG cavity
spectral response.
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the top cell, reducing the absorbance asymmetry between
the subcells. The spectral flux management alleviates the
insufficient absorbance and insufficient film thickness
problems of the bottom μc-Si cell. The metallic absorption
losses for the baseline and the TBG cavity tandem cell
are also shown in Fig. 7(a) and 7(b). Similar to the pre-
vious IRBG structure, the metallic losses are primarily at
long wavelengths, where the silicon absorption is weak.
Although adding the SP grating structure increased the met-
allic absorption, the silicon absorbance is also significantly
increased. This result reflects the importance of the optimi-
zation procedures, where the silicon absorbance is the physi-
cal quantity to be maximized. This study shows that the
TBG-cavity-type configuration increased the matched
absorbance using transmission improvement, light trapping
and spectral-flux-balanced guided-mode excitation. The
TBG cavity is particularly needed when the top cell subjects
to insufficient absorption, i.e., ultra-thin SP solar cell, and
when a significant portion of short-wavelength photons
must be absorbed by the bottom cell. When a thicker top
α-Si cell is used, the aforementioned IRBG structure is
more suitable to boost the long-wavelength part of the
absorbance. From the spectral response, the quasi-guided
mode excitation for the TBG cavity is not significant because
the top and the bottom Ag gratings are not as closely placed
as for the IRBG structure. Therefore, the photons are likely
to be absorbed before they could bounce back and forth
between the top and the bottom gratings. The integrated
absorbance of the optimized-TBG cavity cell is far above
that of the baseline cell, indicating that the versatile design
of the SP cavity is capable of identifying the most appropri-
ate geometry for a specific purpose.

Figure 8 shows the field profiles for both the scattering
and the eigenmode problems. The similarity between
these field plots is also observed for the top and bottom
grating cavities. This result indicates that the eigenmode
excitation still exists for the top and bottom grating type
structures, although in the spectral response [Fig. 7(b)],
the absorption peak is not as pronounced as that in the
IRBG cavity.

6 Detailed Balanced Limit for Multijunction Cells
For most studies on SP light trapping, only the optics aspect
is considered. To obtain insight on the current matching
improvement using the SP-cavity-type tandem cell, a
detailed balance argument is employed below to show the
real current voltage characteristics (J − V) of the tandem
cells. The absorbed and emitted photon density can be
expressed as41–44

NðE1; E2; T; μÞ ¼
2π

h3c2

Z
E2

E1

1

exp
�
E−μ
kT

�
− 1

E2dE; (11)

where E1 and E2 are the integration limits, T is the tem-
perature, and μ is the chemical potential, h is the Planck
constant, c is the speed of light in a vacuum, and k is the
Boltzmann constant. The current of the subcells can be
written as41–44

Jsub;i ¼ qNðEg;i;∞; TSUN; 0Þ − qNðEg;i∞; TA; μiÞ; (12)

where Eg;i is the bandgap of the semiconductor material for
the i’th subcell, TSUN is the temperature of the sun, TA is the
ambient temperature, and μi is the chemical potential sepa-
ration at subcell i. The expression in Eq. (12) is the ideal
detailed balance argument where full absorption and emis-
sion are assumed. For more realistic devices, full absorption
of solar photons is difficult to achieve and the light trapping
determines the actual generated photocurrent, Jph,

Jph ¼ q
Z

λ

hc
SðλÞAðλÞdλ: (13)

The photocurrent of each subcell, Jph;i, is directly deter-
mined from the integrated absorbance for each subcell,
which is evident by comparing Eqs. (4) and (13). The recom-
bination current depends on the base-widthW. The total cur-
rent of the subcells for a more realistic device can therefore
be written as

Jsub;i ¼ Jph;i − qNðEg;i;∞; TA; μiÞAfðWÞ; (14)

where Af is the factor for the effect of the finite film thick-
ness, which here was assumed to equal unity for the worst-
case evaluation. To evaluate J − V, the constraints were
necessary. The multijunction cell operation requires that the
photocurrents of the subcells match each other, and the sum-
mation of the chemical potential separation of each subcell
equals the applied voltage Va:

Fig. 8 (a) Field profiles for λ ¼ 0.9212 μm, (b) corresponding
eigenmode for λ ¼ 0.9212 μm, (c) field profiles for λ ¼ 0.9879 μm,
and (d) the corresponding eigenmode for λ ¼ 0.9879 μm for the
optimized TBG cavity. The unit of length is μm.
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Jsub;i ¼ Jsub;iþ1;

X
i

μi ¼ Va: (15)

The detailed balance limit states that the selection of the
bandgap is the primary consideration in achieving a balance
between dark current and optical absorbance. For large
bandgap materials, low dark current and low optical
absorption are observed, while for small bandgap materials,
high absorption and high dark current are observed. The mul-
tijunction cell is a practical method to exceed the Shockley–
Queisser limit using different band-gaps for different energy
ranges of solar photons. To achieve a high efficiency, current
matching should be considered for the multijunction cell
because the photocurrent is clamped by the subcell with
the lowest photocurrent. For the IRBG structure, the photo-
current mismatch is reduced from 1.45 to 1.29, and for the
TBG structure, the photocurrent mismatch is reduced from
2.61 to 1.91 using the GA optimization. Thus, the surface
plasmonic cavity type tandem cell can significantly improve
the current matching characteristics. Specifically for the
micromorphic tandem cell, the higher temperature and
thicker deposition of the bottom microcrystalline silicon
cell are the sources of the elevated cost. Thus, the problem
associated with the lower absorption coefficient of μc − Si
can be overcame using the plasmonic effect if a proper
design and optimization are achieved as illustrated in this
work, which used GA.

In Fig. 9, the bottom cell absorbance is not fully matched
to that of the top cell, especially for the TBG structure. As
stated in Sec. 2, this result occurred because the μc-Si bottom
cell thickness for all of the structures in this study is thinner
than the value required to completely match the α-Si top cell
absorbance. These thicknesses are chosen to better reflect the
improvement of the bottom cell absorbance and the current
matching by the SP cavity design. The thickness of the bot-
tom cell can be easily increased or optimized, and a fully
matched multijunction cell can be produced.

7 Conclusion
Here, two types of surface plasmonic cavity solar cells are
optimized using GA. For the SP IRBG cavity, improved
matched integrated absorbance is achieved by trapping the
long-wavelength photons inside the bottom cavity through
the quasi-guided mode excitations. For the SP TBG cavity,
the matched absorbance is improved because the broad-band
transmission was higher and the excitation of the quasi-
guided mode has a more localized field in the bottom cell
than in the top cell. Both surface plasmonic dual grating
cavities show broad-band improvement in the absorbance
and the improved spectral photon flux management, while
the quasi-guided mode excitation is identified throughout
the entire spectrum. This study demonstrated that using
GA, the matched absorbance of SP multijunction cells
can be effectively increased, facilitating tandem-cell current
matching. This result also enables future design of a cavity-
resonant-type solar cell with higher efficiency and reduced
thickness.
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