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Abstract: It is necessary to devise innovative techniques to design new high-performance tandem
solar cells to meet increasing energy needs. In this study, the theoretical efficiency of intermediate
band solar cells (IBSCs) was increased by integrating them with tandem solar cells to produce
intermediate band tandem solar cells IBTSCs). The spectral splitting analysis indicated that the
efficient absorption of sub-photon energies was necessary to ensure optimal performance of the IBSCs
at each junction of the IBTSC. For this calculation, we assumed all absorption of sub-photon energies
are unity. In addition, we applied the variation of absorptivity to the detailed balance limit of a
double-junction (DJ) IBTSC. Furthermore, we included the impact of series and shunt resistances
of a typical DJ IBTSC to investigate the variations in electrical parameters (short circuit current,
open circuit voltage). The performance efficiency also depended on the illumination concentration
due to the charge carrier transitions at each junction. We analyzed this aspect to determine the overall
performance of the IBTSCs. We replaced the IBSC in the bottom junction with a single-junction solar
cell to explore the potential of diverse tandem configurations. DJ IBTSCs achieved a limiting efficiency
comparable to that of six-junction solar cells, despite the lower number of junctions. It was challenging
for these cells to exhibit optimal performance because of the inefficient spectrum management in
the bottom junction. It was concluded that full illumination concentration was required to achieve
optimal performance in both junctions of the IBTSC.

Keywords: intermediate band solar cell; tandem solar cell; detailed balance; theoretical efficiency

1. Introduction

The integration of third-generation photovoltaic (PV) devices into existing solar cell technologies
has immense potential to improve the performance of the conventional solar cells. Third-generation
PV cells are an emerging class of solar cells to overcome the limit of first (crystalline Si) and second
(thin-film) generation PV devices. The target of third-generation PVs is to achieve ultra-high efficiency
at a low-cost of electricity (<$0.5/W). Various potential groups have been discussed in order to reach
this goal such as perovskite solar cell, dye-sensitized solar cell, organic PVs, and quantum dot solar
cells (multiple exciton generation and intermediate band solar cells) [1,2]. Tandem solar cells are
well-established PV devices with high conversion efficiencies of over 40% [2,3] as shown by established
records [4,5] and theoretical approaches [6-8]. Tandem solar cells utilize their many junctions stacked
with different bandgap materials to absorb a wide range of photon energy. They can also reduce
thermalization losses because of high photon energy absorption in a low-bandgap material. Groups
III-V materials are well-suited for tandem solar cells due to minimized lattice mismatches. The recently
developed four- and six-junction tandem solar cells have the potential to achieve power conversion
efficiencies of more than 50% [9]. However, their performance efficiencies are difficult to improve as
the number of junctions increase due to the interface defects between the junctions [10]. Moreover,
the issues of lattice mismatch and thermal expansion have to be overcome as the number of junctions
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increases. Furthermore, their high production cost limits market expansion [11]. Therefore, it is
necessary to devise novel concepts for the development of next-generation tandem solar cells.

Intermediate band (IB) solar cells (IBSCs) are PV devices with three optical transitions [12,13]
due to the presence of the IBs at the optimal energy levels of the junction. The detailed balance
limit (DBL) of IBSC achieves a theoretical efficiency of 63.2% under full illumination (equivalent to
46,200 suns), which is comparable to the performance of a triple-junction tandem solar cell [10,11].
Currently, research is ongoing to ensure that IBSCs continue to match these expectations [14,15].
These efforts toward a better IBSC have been manifested in the multi-stacked quantum dot (QD)
(InAs/GaAs QDs) feature and the highly mismatched alloy (GaNAs-based thin film, ZnTeO based
thin film) [15]. Moreover, the actual IBSC conversion efficiencies are in the 15~20% range under
one sun illumination [15]. The most critical issues of IBSCs are non-radiative recombination and
carrier occupancy at IB for efficient optical transitions; these issues reduce the potential efficiency [16].
Therefore, materials and process development will be crucial factors to achieve high efficiency IBSC.

Theoretically, it is possible to produce intermediate band tandem solar cells (IBTSCs) by integrating
IBSCs with tandem solar cells. IBTSCs can achieve higher conversion efficiencies with alower number of
junctions as compared to the conventional tandem solar cells [17]. AnIBSC behaves like a triple-junction
tandem solar cell under concentrated sunlight [17]. The performance of a double-junction (DJ) IBTSC
is similar to that of a five- or six-junction tandem PV device, wherein enhanced theoretical efficiencies
with fewer junctions and materials are exhibited. These benefits will lead to the replacement of the
high number of junctions in tandem solar cells, which will reduce manufacturing costs and lead to
increased market size. For this study, we have suggested an optimal material combination for the
independent connection of DJ IBTSC in [17]; Ge/Si is used for the bottom junction and InGaN/GaN is
used for the top junction [14]. Moreover, the material combinations have been extensively researched
for their suitability for IBSCs [18,19]. Therefore, the IBTSC will offer great potential for a high-efficiency
tandem solar cell with low production costs if the material systems are well-developed with low
or negligible defects and demonstrate excellent carrier occupancy at IB. Furthermore, this research
will create many opportunities to achieve high performances of IBTSC by developing high quality
nanostructure materials.

The initial studies on the DBL of IBTSCs have inspired the development of novel varieties of
tandem solar cell to replace the multilevel IB solar cells [20,21]. The optimization of the IB energy levels
within multijunction devices requires spectral splitting [14]. In this study, we discussed the DBLs of
IBTSCs by analyzing the solar spectrum splitting of each junction. To explore real-world applicability
of the DJ IBTSC, we introduced an absorptivity change in each carrier transition [22] and the single PV
model to investigate the impact of series and shunt resistance [23]. Furthermore, we also designed a
single-junction (S]) solar cell in tandem configuration with the IBSC as an alternative to the DJ IBTSC.

2. Theory

In this section, the DBL of DJ IBTSC is presented to explain the theoretical results. First, we present
the DBL of DJ IBTSC based on the theory of IBSC and tandem solar cells [6-8,12]. Subsequently,
we divided two regions of a blackbody radiation spectrum and arranged the order of sub-bandgaps
(Ec, Erv and Ecy (=Eg)) for each junction of the IBTSC. For this case, we assumed that the absorptivity
of each carrier is ideally unity. However, the real-world IBSC has a low conversion efficiency due to
low light absorption at the IB region. This can reduce the operating voltage range and experimental
efficiency [22]. Thus, we investigated the effect of light absorptivity variation at the IB and bulk
region [22]. Next, we considered the series and shunt resistance variations of the DJ IBTSC by a single
diode PV model [23,24]. Finally, an alternative D] IBTSC was suggested by replacing the bottom
junction IBSC with a single junction solar cell to efficiently manage the incoming photon energies for
each junction.
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2.1. Detailed Balance of the Double-Junction Intermediate Band Tandem Solar Cells (D] IBTSCs)

In this section, the operation of the DJ IBTSCs based on the DBL of IBSC and tandem solar cell
principles is discussed [11]. In Figure 1, the incoming photon energy (Epp)) is selectively absorbed by
each junction (Ecy), Erv(i), and Ecvg) (i = 1, 2), where Ecy) denotes the energy between the conduction
band (CB) and the IB, Epy(;) denotes the energy between the IB and the valence band, and Ecy;) denotes
the energy between the CB and the valence band). This enables the generation of a two charge carrier
at each junction of the IBTSC for the three possible carrier transitions that are denoted by CI (carrier
transition from the CB to the IB), IV (carrier transition from the IB to the valence band (VB)), and CV
(carrier transition from the VB to CB).
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Figure 1. Schematic of a double-junction (DJ) intermediate-band tandem solar cell (IBTSC). 1 and 2

denote the bottom and top junctions, respectively. E.;,; and E,}» are the photon energies for the bottom
phl ph2

and top junctions, respectively.

The solar spectrum was split into two regions (Tandem 1 and Tandem 2) for the DJ tandem solar
cell operations (Figure 2a). Each stack of the IBSC possessed three different bandgaps (Eg(;), Erv(),
and Ecy(;)) that were organized within each region of the spectrum. The lower and upper ranges of the
solar spectrum denote the bottom junction (IBSC1) and top junction (IBSC2) of the IBTSC, respectively
(Figure 2b).
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Figure 2. Spectral splitting of the two regions in a DJ IBTSC. Ey;(1y (1.5 eV) is the boundary photon
energy for an independently connected D] IBTSC at maximum conversion efficiency.

We introduced Ey;(1) as the boundary point to organize the three sub-bandgaps of each region of
the spectrum accurately; thus, we obtained the DBL limits of the IBTSC. The order of the bandgaps of
the bottom junction (below Eyj(1)) was Ec1 < Epyy < Eg1 < Epj(1) while that of the top junction was Ecpp <
Ev2 < Eg. The overall bandgap sequence was Ecyy < Epyy < Eg1<Epi (1) < Ecr2 < Erva < Ego. Egr had to
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be three times higher than Eg; for minimal operations. The detailed balance (DB) relations of the IBTSC
are shown in Equations (1)—=(5). Equations (1) and (2) show the generation rate and recombination rate,
respectively, of the charge carriers in the IBSCs. In these equations the absorptivity was considered in
order to describe the potential absorption of each carrier during each carrier transition. We discuss the
impact of this in the next section.

2n (B2 ogp 1 -E2 27 f B2 oy gy B2
G = fq-Conc- L dE 1-£5-C . . dE (1
E2E1 = fs-Cone—3 j}; o] =1 + (1 - fs-Conc) e Js o 1 1)

2 E/kTsyn [E/KT¢] -
o (F2 ogp 1 B2
R = . dE 2
PR i fE exp[(E - p)/KTc] - 1 @

where G is the generation rate, R is the recombination rate, f5 is a geometric factor (1/46,200). Conc is
the optical concentration (1~46,200), where Conc = 1 and Conc = 46,200 denote 1 sun illumination and
full illumination concentration (46,200 suns), respectively; h is the Planck’s constant, c is the speed
of light, E; and E; are energy states, k is the Boltzmann’s constant (k = 1.38 x 1073 J/K), Tsuy is the
temperature of the sun (6000 K), T¢ is the ambient temperature (300 K), and p is the chemical potential
(q-V, where V is the operating voltage) and o) g1 is the absorptivity (0 < app g1 < 1).

The current density (J) of the ith junction in the IBTSC is:

J6) = 9'(Genigi), EcBG) — REnic),EcBG) + GECB(),EB() — RECB(),EIB())) 3)

where subscript i denotes the number of junctions (i = 1 and 2 denote the bottom and top junctions,
respectively), CV denotes the carrier transitions between the VB and CB, and CI denotes the carrier
transitions between the IB and CB.

The optimal IB level was determined by the balance of the carrier transitions from (i) VB to IB
and (ii) IB to CB. Since the IB was electrically isolated, there were no carrier extractions from the IB.
(Equation (4)).

Gecs(i), E1B()) — RECB(), E1B() = GEIB(), EVB(i) — REIB()EVB() 4)

The chemical potential of each junction of the IBTSC is:

q-Veva = q- Ve + 9 Vive) 5)

The equivalent circuit model describes an IBSC as two series-connected diodes possessing
bandgaps of Ec and E}y, respectively, that are connected in parallel with a diode possessing a bandgap
of Ecy. The two series-connected diodes play a significant role in determining the open-circuit
voltage (Voc).

The DB relations of each junction are described in Table 1.

Table 1. Detailed balance (DB) equations for a DJ IBTSC where i = 1 and 2 for the bottom and top
junctions, respectively.

DB Equation Bottom Junction Top Junction
Current Density Ja) = 4(GeniEcB) ~ Reniayecsm + J@) = 4(Geni)EcB@) ~ Renie)Ecse) +
GEecB),EB(1) — RecB(1),EB(1)) GecB@)EB2) — RECB(2)EIB(Q))
GEecB),EB(1) — RECB(1),EIB(1) = GEcB(2),EB2) — RECB(2)EIBQ) =
1B level
GeB(1),EvB(1) — REIB(1),EVB(1) GEB(2),EVB2) — REIB(2),EVBQ)
Chemical Potential q'VCV(l) = q'VCI(l) + q’VIV(l) q'ch(z) = q'VCI(Z) + q'vlv(z)

The independently connected (Ind) DJ IBTSCs have to satisfy Equation (5) due to the separately
calculated maximum power points of each junction. In the series-connected (Ser) IBTSCs, each junction
has to satisfy Equation (5) to function as an IBSC.
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First of all, the calculated efficiency of Ind is shown Equation (6).

Ty (Vevay ) Veva +e)(Vevi)) Ve

4
Sun

Efficiency (Ind) = %100 (%) (6)

Pin = Concf5-0-T

where o is Stefan-Boltzmann constant (= 5.6704 X 1078 W-m~2.K™%), J) (x) is the current density value
at x volt and x is the arbitrary number.

However, the calculated efficiency of Ser DJ IBTSC was similar to that of conventional Ser tandem
approaches. The junction with the lowest short circuit current density (Jsc) functioned as an IBSC at
the optimal value of chemical potential (Equation (5)) and the corresponding current density at the
maximum power point (Jm). The corresponding operating voltage (OV) at the other junctions was
determined from the value of Ji,. The top junction (IBSC2) possessed the lowest Jsc (Figure 3); its OV
was Vcy(p) (=2.78 V), and i was 1.466 X 10 mA/cm?. The corresponding OV (V1) = 0.863 V) of the
bottom junction was determined from J,. Therefore, the overall OV was Vcy ) + V(1). The power was
calculated as per the equations provided in Table 2.

106 J,,=1.466 X 10° mA/cm? J,,=1.466 X 10° mA/cm?
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Figure 3. Current density-voltage relationship between the top and bottom junctions of the IBTSC.
Intermediate band solar cell IBSC2 (top junction) has the lowest short circuit current density (Jsc),
and the current density at the maximum power point is Ji,. The corresponding voltage of IBSC2 at the
optimum point is Vcy(). For the same value of Jm, at IBSC1, the corresponding voltage is V(y.

Table 2. Theoretical approaches to calculate the power of DJ series-connected IBTSCs, where ], is the
current density of the bottom or top junction at the point of maximum power. At the same value of |,
V(1) and Vy) are the corresponding voltages of the bottom and top junctions, respectively.

The Lowest Short Current Density at Bottom Junction The Lowest Short Current Density at Top Junction

Power = Jm’(VCV(l) + V(z)) Power = Jm‘(v(l) + VCV(Z))
Efficiency (Ser) = Power/Pin x 100 (%)

2.2. Impact of Absorptivity of Sub-Bandgaps on the D] IBTSC

An important assumption in the idealized IBSC is that the incoming light is ideally absorbed into
three sub-bandgap energies and upon absorption, each carrier transition is recombined. However,
the recombination reduces Vpoc even if the photo-generated current is enhanced by the IB region.
In the actual implementation of the IBSC, the absorptivity of the IB region is low; therefore, it will
require enhancement of the photo-generated current by introducing light-concentration, absorptivity
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improvement, and light trapping [22]. In addition, the light absorptivity (= xcy) of the host material
(wide bandgap) must also be assessed based on the entire performance of the IBSC. We present two
cases of absorptivity in Figure 4a,b wherein (a) describes the low absorptivity 0 < « < 1 and (b) shows
the ideal case of absorptivity (« = 1) of each carrier transition.

Absorptivity Absorptivity
1 1
Ucr Uer
=(1“~ =u“.
=dcv =dcy
0 Ea En Ecv Epn 0 Eax Ew Ecv Epn
(a) 0<ocr=an=acyv=l1 (b) acr=onv=acy=1

Figure 4. The absorptivity variation. (a) illustrates the partially absorbed incoming sub-bandgap
photon energies and (b) shows the ideal absorption of incoming sub-photon energies.

For this calculation, we assume that the absorptivity of each carrier transition is the same (0 < xcy
= ary = acy < 1) with a non-overlapping spectrum for each region. The related DBL equations are
presented in Equations (1)—(5). Further, we used the optimal bandgaps (Ecy = 0.72 eV, Eyy = 1.25 and
Ecv =197 eV) at & = a¢cy = oy = acy = 1 to simply explain and compare the variations of absorptivity
with the efficiency changes. The results of this calculation are presented in Figure 5a,b.

80 (a) Full Concentration, IBSC (C=46,200) 80 (b) Absorptivity vs Efficiency
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Figure 5. The IBSC efficiency distribution with changing absorptivity (0.5~1). The same optimal
bandgaps were used for an IBSC under full-light concentration (C = 46,200) (a) is the calculated
efficiencies vs. bandgap energy (host material) with variation of absorptivity. (b) is the maximum
calculated efficiency with absorptivity changes.

As show in Figure 5, after applying the absorptivity variation to the DBL of an IBSC, we found
that a theoretical maximum efficiency below « = 0.7 is the limit of the single junction (40.8% under
blackbody radiation, see Figure 5a,b). In this case, we found (i) the performance of IBSC behaves like a
single junction solar cell, and (ii) each carrier transition is not effective due to the low absorption of
sub-photon energies. In other words, the role of the IB degrades and ceases to function at « < 0.7 due
to the considerable amount of recombination instances at the IB region. Therefore, absorption in IB is
crucial to maintaining the performance of IBSC and its minimum absorptivity is 0.7 for efficient light
absorption of each carrier transition.
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2.3. Detailed Balance Limits (DBLs) of the D] IBTSC and Impact of Resistance

A real-world tandem solar cell undergoes a change in charge conductivity which has a considerable
impact on the series and shunt resistance. Therefore, in this section, we considered the single diode PV
model to investigate the impact of series (Rs) and shunt (Rgp) resistance for each carrier transition (Ecy,
Erv and Ecy) in the DBL limit of a D] IBTSC solar cell [23,24]. Rg is related to carrier collection and current
flow between electron and hole contact, metal/semiconductor contact resistance, and metal resistance.
Both the material quality and reverse saturation current determine Rg, due to the generation of current
leakage current paths which determine the isolation of each junction [23,24]. Under consideration of
both resistances in the DJ IBTSC, we investigated the effect on electrical parameters such as Jsc and
Voc through the analysis of current density and voltage curves.

For the single diode PV model of a solar cell, the related equation is shown in Equations (7) and (8).

L V+JRs) V+]JRg
] - ]ph ]0 exp(q KTC ) Rsh (7)
o (2 oapppE?
= - dE 8
Jo h3c2 fE exp[E/KT¢]| -1 ®

where R is the series resistance, Ry, is the shunt resistance, ] is the reverse saturation current density,
Jph is the photo-generated current density, and ] is the arbitrary current density.
The equivalent circuit model for an IBSC is shown in Figure 6.

Rs,(:l

Rs,cv

Jai Dci Rsn,ci

JCV

Rs,v (} Dcv Rshcv
Jiv (} Dwv Rsh,iv

Figure 6. The equivalent circuit model of one junction for IBSC with consideration of series and shunt
resistance for each carrier transition.

Figure 6 describes the PV diode model of each junction in the DJ IBTSC. Furthermore, Equations (7)
and (8) are applied to each carrier transition of the three single diode models that are applied into a
single junction in the DJ IBTSC. Overall, six diode models are utilized to calculate the resistance impact
of DJ IBTSC.

2.4. DBLs of the Single-Junction Intermediate Band Solar Cell (S] IBSC) with Tandem Configuration

The performance of the bottom junction of the IBTSC was limited by the carrier extractions from
VBI1 to CB1. In Equation (3), the difference between Ey;1) and Ecy(1) generated an insufficient short
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circuit current density for the carrier extraction from VB1 to CB1. The current for the carrier transition
was significantly lower than that for the normal transition from the VB to CB, where Ey; was infinite.
Under one sun illumination, the dominant carrier transition of the bottom junction was (i) VB1 to IB1
and (ii) IB1 to CB1. Hence, its performance nearly resembled that of a DJ series-connected tandem
device. The IBSC in the top junction showed optimal performance because the infinite E},; generated an
unlimited Jgc. The three available carrier transitions in the top junction ensured that the IBSC performed
similarly to a triple-junction tandem solar cell. Therefore, the entire IBTSC performed similarly to a
five-junction conventional tandem solar cell. It was difficult to incorporate low-bandgap materials in
the bottom junction due to its inefficient spectrum management. Therefore, we replaced the IBSC at
the bottom junction with a SJ solar cell. Although the S]J solar cell might face spectrum management
issues, it offered flexibility in the choice of materials for the bottom junction. We summarized the DB
relations for this configuration in Tables 3 and 4. The bottom and top junctions of the independently
connected DJ hybrid tandem solar cells retained their characteristics. The theoretical performance
efficiency of the series-connected tandem device was also similar to that of the conventional tandem
devices (see Table 4).

J) (V1)) V(1) +J2)(Vevin)) Vevee)

. 4
Pin = Concfs-0-Tg,,

Efficiency (Ind) = %100 (%) 9)

Table 3. DB equations of a DJ IBTSC with a single-junction (SJ) solar cell as the bottom junction and an
IBSC as the top junction.

Bottom Junction Top Junction
Current Density J) = q:(Genir),ECB1) — J@ = q"(GEni1(2),EcB) — RERi(2),ECBR) +
REni1(1),ECB(1)) GECB(2),E1B(2) — RECB(2),EIB(2))
IB level N/A GE cB@), E B(2) — RE CB(2), E 1B2) = GE 1B2), E

vB2) ~ RE B(2), EVB(2)

q-Vm() at the maximum

Chemical Potential .
power point

q-Veve) =q'Vae) + 9Vive)

Table 4. Theoretical approaches to calculate the power of DJ series-connected IBTSCs where a SJ solar
cell is the bottom junction and an IBSC is the top junction. Jn, is the current density of the bottom and top
junction at the point of maximum power. At the same value of Jm, V(1) and V() are the corresponding
voltages of the bottom and top junctions, respectively. V() is the voltage at the point of maximum
power of the bottom junction.

The Lowest Shirt Current Density at Bottom Junction =~ The Lowest Shirt Current Density at the Top Junction

Power = ]m’(vm(l) + V(z)) Power = ]m~(V(1) + VCV(Z))
Efficiency (Ser) = Power/Pin x 100 (%)

3. Results

3.1. Dual Junction of Intermediate Band and Tandem Solar Cells

The simulation results of the DJ IBTSC are presented in Figure 7 and Table 5. The data in
Table 6 are used to compare the performance efficiencies of the DJ IBTSCs with that of the four, five,
and six-junction tandem solar cells. The maximum theoretical conversion efficiencies of the Ind and Ser
DJ IBTSCs were 73.2% and 72.7%, respectively, under full illumination (46,200 suns). This was similar
to the theoretical conversion efficiency of the six-junction series-connected tandem solar cells (73.4%;
see Tables 5 and 6). Therefore, the Ind and Ser DJ IBTSCs could potentially replace the six-junction
tandem solar cells. Under one sun illumination, the overall theoretical efficiencies of the Ind and Ser DJ
IBTSCs were similar to that of the four-and five-junction conventional tandem devices. The difference
between Ey,; (1) (=1.39 eV) and Epy; (=1.34 eV) in the bottom junction of the Ser DJ IBTSC was 0.05 eV.
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This slight difference represents the quantity of energy needed for full extraction of the carrier from
VBI1 to CB1. Hence, the bottom junction of the DJ IBTSC performed similarly to a DJ series-connected
tandem solar cell possessing bandgaps of Ecy; and Ejyy. Therefore, the bottom junction of a DJ IBTSC
was not an optimally performing IBSC under one sun illumination.

_(a) Qne §un (§=1) )

(b) Full Concentration (C=46,200)
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ol R o
1 11 12 13 14 15 16 17 18 19 2 1 114 12 13 14 15 16 17 18 19 2
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Figure 7. Simulation results of independently connected (Ind) and series-connected (Ser) DJ IBTSCs
under one sun illumination (Conc = 1) and full illumination (Conc = 46,200).

Table 5. Optimal bandgaps and maximum efficiency (n) of independently connected (Ind) and
series-connected (Ser) DJ IBTSCs under blackbody radiation, where concentration (Conc) is 1 or

46,200 suns.
Conc Ecn1 (eV)  Epyp (eV) Eg1 (eV) Ecpp (eV)  Epys (eV) Eg» (eV) 1 (%)
1 I 0.525 1.015 1.540 1.740 2.290 4.030 54.4
S 0.445 0.895 1.340 1.390 1.955 3.345 53.8
46,200 I 0.349 0.751 1.110 1.500 2.060 3.560 73.2
’ S 0.295 0.64 0.935 1.210 1.770 2.980 72.7

Table 6. Optimal bandgaps and maximum efficiency (n) of a four-, five-, and six-junction tandem solar
cell under blackbody radiation, where concentration (Conc) is 1 or 46,200 suns.

Number of E E E E E E
gl g2 g3 g4 g5 g6 o

Junction Cone (eV) (eV) (eV) (eV) (eV) (eV) n (%)
4 1 I 0.72 1.21 1.77 2.55 53.3

S 0.72 1.10 1.53 2.14 52.5

4 46,200 I 0.52 1.03 1.61 241 68.8

S 0.51 0.94 1.39 2.02 67.9

5 1 I 0.66 1.07 1.50 2.03 2.79 56.0

S 0.66 0.97 1.30 1.70 2.29 55.1

5 46,200 I 0.45 0.88 1.34 1.88 2.66 72.0

g S 0.44 0.81 1.16 1.58 2.18 71.1

6 1 I 0.61 0.96 1.33 1.74 2.26 3.00 58.0

S 0.61 0.89 1.16 1.46 1.84 242 57.0

6 46,200 I 0.40 0.78 1.16 1.59 2.11 2.86 74.4

S 0.37 0.70 1.00 1.32 1.71 2.30 734

Figure 8 shows the current density—voltage curves for the bottom and top junctions of a DJ IBTSC
under one sun illumination (Conc = 1) and full-light concentration (Conc = 46,200). Jsc for Ecy; is
2.45 mA/cm? under one sun illumination (Figure 8a). The transition from VB1 to CB1 in the bottom
junction was not robust due to the slight difference between Ecyy (1.34 eV) and Epy(1) (1.39 eV) that
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arose due to spectral splitting (Equation (3)). Two carrier transitions ((1) VB1 to IB1, and (2) IB1 to
CB1) were dominant in the bottom junction because the magnitude of the photocurrent for the carrier
extraction from VB1 to CB1 was low. Therefore, the bottom junction of the IBTSC operated similarly to
a series-connected DJ tandem solar cell under one sun illumination. The top junction operated like a
conventional IBSC (Figure 8b) since the infinite E}; ensured that there were no limits for the carrier
extraction. The theoretical efficiency of the DJ IBTSC under one sun illumination was similar to that of

four- or five-junction conventional tandem solar cells.

(a) Bottom Junction (C=1) (b) Top Junction (C=1)
25 25 \
NH Nﬁ
£ 20 = 20 \ —Ec,
o o e E
s < 15 ci2
E 15 E —Ew,
[} 3} ——|BSC2
210 10
el )
5 5
0 A 0 \
0 0.5 1 0 1 2 3
Voltage (V) Voltage (V)
x 106 (c) Bottom Junction (C=46,200) x 10° (d) Top Junction (C=46,200)
1.5 1.5
—Ecy —Ecv \
N —Ecy N —Ecp
£ e E £ s E
° 1.0 (7] o 1.0 V2
< ——BSC1 < ——BSC2
E — E
(&) o
8 B0.5
. 0.5 50
0 0 1
0 0.2 04 0.6 0.8 1 0 1 2 3

Voltage (V) Voltage (V)

Figure 8. Current density (J)—voltage (V) curve of a series-connected DJ IBTSC. For C = 1, (a) bottom
junction and (b) top junction; for C = 46,200, (c) bottom junction and (d) top junction.).

The Jsc of Ecy was 7.17 x 10° mA/cm? under full-light concentration (Figure 8c,d). Although the
Jsc of Ecy1 was limited by the spectral splitting, the fully concentrated illumination increased the
difference between Ey;1y and Ecyy (Eni1y — Ecvi = 0.275 eV). It could help to increase Jsc of Ecvyi.

Furthermore, we included the effect of absorptivity of each carrier transition in the DJ IBTSC.
For this simulation, we set the range of absorptivity from 0.5~1 to investigate the impact for sub-photon
energy absorption. In the one sun illumination case (see Figure 9a,b), the overall performance of IBSC
began to decline below 0.6 of o such that the role of IB in the DJ IBTSC became negligible due to weak
transition of each carrier from the low absorptivity. In Figure 9¢c,d it can be observed that the theoretical
efficiency of the DJ IBTSC (Ind and Ser) under full-light concentration (C = 46,200) was similar to
the single junction limit at < 0.7. In other words, the application of concentrated illumination can
improve the quality of the IB region for effective absorption of the sub-photon energies.
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Figure 9. The theoretical variations of efficiency with changing absorptivity and light concentration
variations (« = 0.5, 0.6, 0.7, 0.8, 0.9, 1, Conc = 1 for Figure 9a and 46,200 for Figure 9b).

3.2. The Resistance Impact of the D] IBTSC

In consideration of the resistance impact of the DJ IBTSC, we included the single diode PV
model for each carrier transition and set the resistance value for Rg = 1 Q-cm? and 10 Q-cm? with
the variations of R, (10,000, 1000 and 100 and 10 Q-cm?). For this simulation, we use the optimal
bandgap results for Ser DJ IBTSC under full-illumination concentration. The results are summarized
in Figures 10 and 11 and Table 7. First, we compared 1 Q-cm? with the ideal case of IBTSC and Ry,
variations to discuss the actual case of IBTSC. In the case with low Rg (=1 Q-cm?) with a moderate
range of Ry, (1000~10,000 Q-cm?), the loss of electrical parameters of each junction were relatively
small and its corresponding efficiency ranges were over 67%, which is higher than that of IBSC (63.2%)
(see Figure 10a,b, Table 7). However, the large fill factor losses show that below 100 Q-cm? it could
not maintain full IBSC properties for each junction due to the large Voc reduction at each junction.
In other words, minimizing the current leakage paths is key to maintaining full IBSC function at
each junction. In the case of high series-resistance (see Figure 11a,b), the bottom junction undergoes
huge efficiency losses (see Figure 11a) even if it has a moderate shunt resistance range and the top
junction undergoes significant efficiency. Typically, the considerable Jsc and Voc losses of the bottom
junction are due to low carrier collections at the contact and absorbing spectrum limit (see Figures 2b
and 11a). For instance, (i) Jsc ideal (=1.51 X 10° mA/cm?) is larger than Jsc actual (£ 1.34 X 10 mA/cm?)
and (ii) Voc,ideal =0.935 V is larger than Voc actual < 0.825 V due to the relatively small margin of
light-absorption (=Epj(1) — Eg1 = 0.275 eV) and Rg,. Compared to Rs =1 Q-cm? case, the loss of Ve in
Rs = 10 Q-cm? is significantly larger than that in Rg = 1 Q-cm? case. Thus, the carrier collection of the
bottom junction is a significant factor in the DJ IBTSC operation. Moreover, the generation of current
leakage paths means that the material quality is a significant factor for IBSC performance maintenance.
In Table 7, we do not calculate the theoretical efficiency for Rs = 10 Q-cm? due to large fill-factor losses
of the bottom and top junctions. Thus, typically, the performance of the bottom junction is crucial due
to the rapid degradation of the overall DJ IBTSC performance with decreasing Rg},.
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Figure 11. The current density and voltage curve of series-connected dual junction IBTSC with Rs

=10 O-cm? under full-light concentration (C = 46,200) where B is the bottom junction and T is the
top junction

Table 7. Theoretical efficiency with R and Rg, variation for the DJ IBTSC under full-light concentration.

Rs 1 O-cm? 10 O)-cm?
Rsh
Ideal case 72.7 % 72.7%
10,000 67.8 % N/A
1000 67.4 % N/A
100 56.4 % N/A
10 21.6 % N/A

3.3. S] in Tandem Configuration with an IBSC

We considered another method for tandem configuration of IBSCs to address the limited
performance efficiency of the bottom junction of DJ IBTSCs. We replaced the IBSC in the bottom
junction with a SJ device to manage the incoming photon energy. The overall theoretical efficiencies
were similar to that of four-junction conventional tandem solar cells. (Tables 6 and 8; Figure 12).
Under one sun illumination (Conc = 1), the theoretical efficiencies were 1-2% lower than that of the
conventional four-junction tandem solar cells due to the inefficient spectrum management at the
bottom junction. The optimal bandgaps and maximum efficiencies of the Ser DJ IBTSCs were similar
to that of Ind DJ IBTSCs, under one sun illumination. This offered flexibility to use either the Ser or the
Ind DJ IBTSC:s for cell configuration with the same materials. The overall theoretical efficiencies under
fully concentrated illumination were similar to those of conventional four-junction tandem solar cells.
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Table 8. Optimal bandgaps and maximum efficiency (1) of independent (Ind) and series (Ser) connected
DJ IBTSCs with a SJ solar cell as the bottom junction under blackbody radiation, where concentration
(Conc) is 1 or 46,200 suns.

Conc Eg1 (eV) Ecy2 (eV) Erva (eV) Egz (eV) 1 (%)

1 1 0.73 1.23 1.8 3.03 51.5

S 0.74 1.28 1.85 3.13 51.5

1 0.49 0.97 1.53 2.50 68.4

46,200 S 0.51 1.13 1.69 2.82 67.9
60 (a) One Sun (C=1) __ (b)Full Concentration (C=46,200)

50°F ] \
/ Ser
Ind

40} {

Efficiency (%)
w
o
Efficiency (%)
8

w
=)

10+

1 1.2 14 16 1.8 2 09 1 11 12 13 14 15 16 17 18 19 2
Epien (V) Epien (V)

Figure 12. Simulation results for series-connected and independently connected DJ IBTSCs comprising
an SJ device as the bottom junction and an IBSC as the top junction. (a) represents one sun illumination
(Conc = 1) and (b) represents full concentration (Conc = 46,200).

4. Conclusions

The integration of third-generation PV devices into tandem solar cells can potentially quicken the
development of new generation tandem solar cells. The limitations of the conventional tandem solar
cells were overcome by reaching the DB limits in DJ IBTSCs. The overall theoretical efficiency of DJ
IBTSCs under full illumination was similar to that of six-junction tandem solar cells despite the lower
number of junctions. This was caused by the three available carrier transitions in each junction of the
IBTSC. While considering the spectral splitting of DJ IBTSCs, we also determined the sequence of the
three sub-bandgaps for the carrier transitions in each junction. The bottom junction of the Ser IBTSCs
did not function at the optimal level under one sun illumination due to the negligible photocurrent
for the carrier transition from the VB to the CB transition. Therefore, full illumination was needed to
achieve optimal performance in both junctions of the DJ IBTSCs.

Furthermore, we introduced the impact of non-idealities of the DJ IBSC by including (i) absorptivity
variation of each carrier transition and (ii) Ry and Ry, into the DJ IBTSC PV model. We observed that
(i) the minimum absorptivity for the DJ IBTSC is 0.6~0.7 for overcoming conventional tandem limit
due to improvement of carrier absorption and reduced recombination and (ii) the role of the bottom
junction is important for the full operation of D] IBTSC while minimizing the loss of Jsc and Voc by
introducing Rs and Rgp.

We also substituted the IBSC of the bottom junction with a SJ solar cell due to the inefficient
spectrum management of the bottom junction of the IBTSC. This hybrid approach yielded a performance
efficiency that was comparable to that of four-junction conventional tandem solar cells. The performance
efficiencies of both the Ser and Ind IBTSCs under one sun illumination were similar; this offered
flexibility to use either IBTSC without any change in the optimal materials or the material combination.
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