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Numerical Study of Quantum-Dot-Embedded
Solar Cells
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Abstract—A quantum-dot-embedded solar cell model with an-
tireflection coating is proposed and studied numerically. The device
model was designed by using MATLAB coding. A proper inclu-
sion of quantum-dot-enhanced carrier absorption was achieved
through a modified absorption coefficient and a structure depen-
dent carrier lifetime. The transmission matrix and quasi-drift dif-
fusion method were applied to simulate the optical and electrical
characteristics of the device. The experimental results were fitted
first to validate the model and provide parameters for optimization.
The final simulation showed that the power conversion efficiency
(PCE) of an ideal InGaP/GaAs+InAs QD dual-junction cell could
achieve 39.04%.

Index Terms—Intermediate band solar cell (IBSC), photovoltaic
cells, quantum dot, simulation, tandem cell, transmission matrix
method.

I. INTRODUCTION

S INCE the beginning of the 20th century, humankind has
increasingly relied on energy provided by fossil fuel. The

resulting global warming effect and the depletion of fossil fuel
have been fervently debated and examined over the past decade.
To reduce dependence on fossil fuel, alternative energy sources
have attracted considerable attention recently. One such promis-
ing candidate is photovoltaic technology, which converts so-
lar energy into electricity with a low environmental impact.
The semiconductor-based solar cell has been representative of
this technology because of its long history of research. Tra-
ditionally, a single-band-gap semiconductor material can pro-
vide as high as 44% of power conversion efficiency (PCE) in
the ideal case [1]. Luque et al. claimed that an intermediate
band solar cell (IBSC) can realize triple-band absorption with
one junction, which is much easier and simpler than using a
tandem multijunction solar cell. It can be calculated theoreti-
cally that a single junction with an intermediate band (IB) can
achieve more than 60% efficiency to convert solar energy into
electricity [2].
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One of the most promising methods for implementing such an
IBSC structure involves incorporating quantum-dot (QD) layers
into solar cells. QDs have been crucial in optoelectronic applica-
tions because of its 3-D confinement and δ-like density of state
that can produce a low-threshold and highly efficient laser [3].
Implementing these quantum mechanical structures into a tra-
ditional device requires a proper simulation method to estimate
their effects. Most previous work, however, has not matched the
theoretical calculation of real device measurements [2], [4], [5].
Therefore, this study proposes an integrated platform by com-
bining the regular transmission matrix method [6], quasi-drift
diffusion model [7], and IBSC-detailed balance model [2] to
address more effectively both the optical field distribution in
the multiple-layer situation and electrical properties of the QD-
embedded structure in a single-junction p-i-n cell. An InAs QD
structure, which is the most popular installation for GaAs-based
solar cells [8]–[10], was applied in the theoretical calculation of
this study.

The remainder of this paper explains in detail the funda-
mental theory and simulation modeling applied in this study.
A numerical fit to actual QD solar cell measurements is pro-
vided to validate the proposed model. To extend the result fur-
ther, an optimized single-junction GaAs/InAs QD and dual-
junction tandem InGaP/GaAs/InAs QD cell were calculated.
The PCE can achieve as high as 39.04% in the more simply
structured dual-junction design, which is comparable to the
triple-junction device. This study contends that this model can
be highly useful for designers of next-generation high-efficiency
solar cells.

II. THEORY

This section introduces the theory used in the simulation.
In addition to the regular carrier transport equations, several
concepts are included: the transmission matrix method, collec-
tion probability, IBSC model, and saturation current model for
IBSC. The software algorithm is also revealed at the end of this
section.

A. Transmission Matrix Method

The transmission matrix method is used to calculate the spec-
tral transmittance characteristics when light travels in a layered
medium, and the results can be applied for the spectral reflec-
tion and transmission characteristics [6], [11], [12]. The model
is based on the Fresnel reflection and general two-port transmis-
sion theory. The matrix between two interfaces can be written
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Fig. 1. EM wave propagation in a multiple layer system.

as

Ij,j+1 =
1

tj,j+1

[
1 rj,j+1

rj,j+1 1

]
(1)

where rj,j+1 and tj,j+1 are the Fresnel complex reflection
and transmission coefficients at the interface of layer j and
j + 1.

The layer matrix describing the propagation through layer j
with thickness dj is expressed as follows [6]:

Lj =
[

e−iζj dj 0

0 eiζj dj

]
(2)

where ζj = (2π/λ) × qj , qj , and dj are complex propagation
constant, complex refractive index, and thickness, respectively.

Considering a system with N layers, as shown in Fig. 1, to
calculate the internal electric field in layer j, the entire matrix
can be divided into two subsets, separated by layer j [6]:

S =

(
N∏

v=1

I(v−1)vLv

)
· IN (N +1) = S ′

jLjS
′′
j (3)

S ′
j =

[
S ′

j11 S ′
j21

S ′
j21 S ′

j22

]
=

(
j−1∏
v=1

I(v−1)vLv

)
· I(j−1)j (4)

S ′′
j =

[
S ′′

j11 S ′′
j21

S ′′
j21 S ′′

j22

]
=

⎛
⎝ N∏

v=j+1

I(v−1)vLv

⎞
⎠ · IN (N +1) . (5)

By calculating the transmission matrix in each layer, the elec-
tric field intensity can be derived in any position [6]:

Ej (x) =
S ′′

j11 · e−iζj (dj −x) + S ′′
j21 · eiζj (dj −x)

S ′
j11S

′′
j11 · e−iζj dj + S ′

j12S
′′
j21 · eiζj dj

E+
0 . (6)

The carrier generation rate by the unit time of a point x in the
absorptive layer at different wavelength λ can be written as [6]

G(x) =
1
2
cε0αn |E(x)|2 (7)

where c is the speed of light, α is the absorption coefficient,
E(x) is the electric field distribution, ε0 is the permittivity of
free space, and n is the average refractive index.

B. Collection Probability

After the electron–hole pair is generated by a solar photon,
the collection probability must be calculated to derive the short-
circuit current (JSC), because not every photogenerated car-
rier can reach the electrode and be drained as electrical output

Fig. 2. Schematic representation for a multiple layer solar cell in P-region.

currents. To calculate the collection probability, the effective
surface recombination rate for each junction must be specified.
In the multiple-layered structure, as shown in Fig. 2, there are
many interfaces with possible defects or traps to consume the
carriers. By assuming a perfect collection in the depletion re-
gion ( = 1), the combinational effect of multiple layers on the
effective surface recombination rate can be given by [13]

Seff
i =

Di+1

Li+1

NA,i

NA,i+1

(
ni,i+1

ni,i

)2

×
Di+1 tanh(Wi+1/Li+1

) + Seff
i+1Li+1

Di+1 + tanh(Wi+1/Li+1
)Seff

i+1Li+1
+ Si,i+1 (8)

where Di denotes the diffusion constant, Li denotes the diffu-
sion length for minority carriers, Wi is the width of the ith layer,
Seff

i is the effective back surface recombination rate in region i,
and Si,i+1 is the collective recombination velocity at the i and i
+ 1 heterojunction. Factors that affect the rate of the equivalent
surface recombination include the difference of doping, intrinsic
carrier concentration, diffusion constant, and band gap between
materials [13].

After deriving the effective surface recombination rate for
each junction, the collection probability can be calculated using
the following algorithm [13]:

fc,i(x) = fc,i−1Δ (9)

Δ =
Di cosh

(
Wi −(x−xi )

Li

)
+ Seff

i Li sinh
(

Wi −(x−xi )
Li

)

Di cosh
(

Wi

Li

)
+ Seff

i Li sinh
(

Wi

Li

) .

(10)

The collection probability in the n-type region is determined
similarly [13]. After the carrier generation rate and collection
probability are known, the photogenerated current can be cal-
culated using (11):

Jphoto = q

∫ W

0
G(x)fc(x)dx (11)

where W is the thickness of the solar cell and fc (x) is the
location-dependent collection probability.
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Fig. 3. (a) Band structure in forward bias of theIBSC. (b) Illustration of the
generation and recombination processes in the QD–IB material.

C. Intermediate Band Solar Cell Model

The characteristics of the QD laser in the device must be
properly evaluated. This QD layer can create the IB layer in
the surrounding material band gap (in this case, GaAs), and the
quasi-drift diffusion model can be applied [7], [14]. The band
structure of the forward-biased IBSC is shown in Fig. 3(a). The
complete IB can be assumed with no width in energy distribu-
tion, and a flat band is also imposed for simplicity of calculation.

The generation rates for the valence band to conduction band
transitions GCV (x), IB to conduction band transitions GCI(x),
and valence band to IB transitions GIV (x) are considered first,
as shown in Fig. 3(b) [7]

GCV (x) =
∫ ∞

E G

[1 − R(E)]F (E)αCV (E)e−α C V (E )x dE (12)

GCI(x) = γ

∫ E H

E L

[1 − R(E)]F (E)αCI(E)e−α C I (E )x dE (13)

GIV (x) = γ

∫ E G

E H

[1 − R(E)]F (E)αIV (E)e−α IV (E )x dE (14)

where F(E) is the AM1.5 spectrum, [1-R(E)] is the ratio of
incident light power arriving at x = 0, which can be calculated
using the transmission matrix method, and the γ factor is the
number describing the extent to which electrons are confined at
the QDs, and is given by [15]

γ =
3
4
π

(rd

d

)3
(15)

where rd is the radius of the QD and d is the distance between
the dots.

Regarding the absorption coefficients of IB transitions, the
truncated Lorentzian line shape is used as the basis of calcu-
lations. The absorption of the QD layer has been treated as

Lorentzian in previous studies [16], [17]. To simplify the in-
tegral process, the absorption of QD can be chopped at the
boundaries of photonic transition (i.e., valence to conduction,
valence to IB, and IB to conduction) [2], [18].

Assuming only diffusion current in the flat band region where
the IB material is embedded, as shown in Fig. 3. The electron
and hole concentrations in the flat band region (0 < x < WF )
are given as [14]

Dn,f
d2Δn

dx2 − UCV − UCI + GCV + GCI = 0 (16)

Dp,f
d2Δp

dx2 − UCV − UIV + GCV + GIV = 0 (17)

where Dn,f and Dp,f are the carrier diffusion constants.
UCV , UCI , and UIV are the excess radiative recombination rates
among conduction, intermediate, and valence bands, respec-
tively, as defined in [7], [14], and [15].

At thermal equilibrium, (16) and (17) can be solved analyti-
cally under the boundary conditions, as shown in Fig. 3(a) [14]

B .C 1: Dn,f
dΔn

dx
=

1
q
Jn,p for x= 0 (18)

B .C 2: − Dp,f
dΔp

dx
=

1
q
Jp,n for x=WF . (19)

Jn,p is the electron current from the p-layer, and Jp,n is the
hole current from the n-layer. Both Jn,p and Jp,n are solved
using the transmission matrix and collection probability model
introduced in Sections II-A and II-B. The hole-current density at
thermal equilibrium in the flat band region is then given by [14]

Jp,IB (x = 0) =
∫ EG

EH

Ttop→IB ·
[

αIVLh

(α2
IVL2

h − 1)

]

×

⎧⎨
⎩

αIVLhe−α IV WF + sinh
(

WF

Lh

)

cosh
(

WF

Lh

) − αIVLh

⎫⎬
⎭ dE

+
∫ ∞

EG

Ttop→IB ·
[

αCVLh

(α2
CVL2

h − 1)

]

×

⎧⎨
⎩

αCVLhe−αC V WF + sinh
(

WF

Lh

)

cosh
(

WF

Lh

) − αCVLh

⎫⎬
⎭ dE

+
Jp,n

cosh
(

WF

Lh

) . (20)

The electron current density at thermal equilibrium in the flat
band region is given by [14]

Jn ,I B (x = WF ) =
∫ E H

E L

Ttop→I B ·
[

αCILe

(α2
C IL

2
e − 1)

]

×

⎧⎨
⎩

e−α C I W F sinh
(

W F
L e

)
− αCILe

cosh
(

W F
L e

) + αCILee
−α C I W F

⎫⎬
⎭ dE

+
∫ ∞

E H

Ttop→I B ·
[

αCV Le

(α2
CV L2

e − 1)

]
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×

⎧⎨
⎩

e−α C V W F sinh
(

W F
L e

)
− αCV Le

cosh
(

W F
L e

) + αCV Lee
−α C V W F

⎫⎬
⎭ dE

+
Jn ,p

cosh
(

W F
L e

) (21)

where Ttop→IB is the ratio of incident light power arriving at x
= 0, and Le and Lh are the diffusion lengths of the electron and
hole in the flat band region, as defined in [14].

Finally, the total short-circuit current density JSC can be con-
tained at thermal equilibrium

JSC = −(Jn,p + Jp,IB ) = −(Jp,n + Jn,IB ) (22)

and the currents extracted from both of the terminals must be
equal.

D. Saturation Current Model

The saturation current J0 is critical when determining the I–
V characteristics of a diode, and it can be divided into four
components: the first from the edge of the depletion layers
(Js,bulk); the second from the radiative band-to-band recom-
bination current density (Jr,CV); the third from the radia-
tive recombination current density because of the IB (Jr,CI);
and finally, the fourth from the nonradiative recombination
current density (Jnr). At the end, the overall result is J0 =
Js,bulk + Jr,CV + Jr,CI + Jnr .

The first component of J0 can be written in the form of [19]

Js,bulk =

⎧⎨
⎩

q · n2
i · Dn

Ln · Na

⎡
⎣

Sn ·Ln

Dn
cosh

(
Zp

Ln

)
+ sinh

(
Zp

Ln

)
Sn ·Ln

Dn
sinh

(
Zp

Ln

)
+ cosh

(
Zp

Ln

)
⎤
⎦

+
q · n2

i · Dp

Lp · Nd

⎡
⎣

Sp ·Lp

Dp
cosh

(
Zn

Lp

)
+ sinh

(
Zn

Lp

)
Sp ·Lp

Dp
sinh

(
Zn

Lp

)
+ cosh

(
Zn

Lp

)
⎤
⎦

⎫⎬
⎭

×
[
exp

(
qVA

kT

)
− 1

]
(23)

where n2
i = NC . NV .exp(−Eg ,bulk /KT), NC and Nv are the

effective densities of state in the bulk materials, Nd and Na are
the donor and acceptor concentrations in the n-type and p-type
regions, Sp and Sn are the effective surface recombination rates
in the n-type and p-type regions, Dn and Dp are the diffusion
constants, Ln and Lp are the diffusion lengths, Zn and Zp are
the thicknesses of the n-type and p-type regions, respectively,
and VA is the applied bias.

The second component of J0 can be written in the form of [20]

Jr,C V = q
2π

h3c2

∫ ∞

EG

e( −E
K T ) · E2(1 − e(−αC V WF ))dE

×
[
exp

(
qVA

kT

)
− 1

]
. (24)

The third component of J0 can be described by [20]

Jr,CI = J0,r,CI

[
exp

(
qVA (1 − ζ)

kT

)
− 1

]

= J0,r,IV

[
exp

(qμIV

kT

)
− 1

]

= J0,r,IV

[
exp

(
qVAζ

kT

)
− 1

]
= Jr,IV (25a)

where

Jr,CI = q
2π

h3c2

∫ EH

EL

e( −E
K T ) · E2(1 − e(−αC I WF ))dE (25b)

Jr,IV = q
2π

h3c2

∫ EG

EH

e( −E
K T ) · E2(1 − e(−α IV WF ))dE (25c)

and μCI represents the splitting of the Fermi level between CB
and IB. Equation (25a) can be used to solve ζ by matching the
electron and hole recombination current density through the IB
in the dark.

The final component of J0 can be written in [20]

Jnr = q · ni,bulk
W

τSRH
×

[
exp

(
qVA

kT

)
− 1

]
(26)

where ni,bulk is the intrinsic concentration, and W and τSRH are
the width and the carrier nonradiative recombination lifetime in
i-layer, respectively. By summing (23), (24), (25a), and (26),
the total J0 can be determined.

E. Quantum-Dot Layer Number and Spacer Thickness

The epitaxial structure of the QD region is a key component in
the proposed solar cell design. It dominates the long-wavelength
absorption and also the source of the nonradiative recombina-
tion. The lattice mismatch between InAs and GaAs naturally
introduces stress between the dots and the substrate. When the
QD layers are grown in succession, this stress can accumulate
along the growth until it is large enough to break the atomic
bond and defects are created. The amount of stress can be tuned
by the number of QD layers and the distance, that is, the GaAs
spacer thickness, between the QD layers. Many past research
results have been focused on the strain-balanced QD growth to
increase the stacked number of QD layers [21], [22]. By con-
trast, the spacer thickness can play a critical role in shaping the
individual QD layers and the stress around them [23], [24].

The influences of these parameters (GaAs spacer thickness
and QD layer numbers) can be seen in the diode Jsc−Voc mea-
surement through the changes in the carrier lifetime in (26). In
the proposed model, it is important to develop a feasible way to
predict the carrier lifetime as the function of spacer thickness
(Tspacer) and layer number (Nlayer). Based on measuring the
devices, the following expression is suitable for fitting:

τeff = A × log(Tspacer) × (Nlayer)−B + τconst (27)

where A,B, and τconst are the fitting parameters. Based on
the fitting parameters, this model could be extended to differ-
ent spacer thicknesses or QD layer numbers. Fig. 4 shows the
mapping of carrier lifetime under different spacer thicknesses
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Fig. 4. Calculated carrier lifetime according to our device result.

and layer numbers. A dramatic reduction of the carrier life-
time can lead to the reduction of open-circuit voltages through
the dark current formation [25]. Based on the results from the
other group, a similar trend of carrier lifetime can be found,
and they are generally in the range of 10−9 s at a high stack-
ing number of QD layers [21], [26]. The implication of the
differences in lifetime is the design variation of the QD epitax-
ial structure. The closer the QD layer, the higher the tunneling
current that is caused by the stronger coupling of quantum me-
chanical wave functions. This tunneling effect can reduce the
probability of the carrier to remain in the IB, thus lowering the
efficiency [27], [28]. Other than tunneling, the strain developed
in the epitaxial layer could cause further defect propagation
across the structure, which can serve as a nonradiative recom-
bination center to consume the photogenerated electrons and
holes. Hence, closer InAs quantum layers and more stacked QD
layers lead to a shorter carrier lifetime, as demonstrated in the
proposed current device and model. Although the high layer
number is relatively helpful in boosting efficiency, the defects,
and traps that accompany this design might offset all of the ef-
fort expended to increase the absorption, and the short-circuit
currents suffer substantially from this recombination; thus, the
efficiency of QD solar cells cannot be improved.

Both factors (QD layer number and GaAs spacer) are cru-
cial in fabricating a successful QD-embedded solar cell. These
highlights will be properly placed in the original paper (please
see the following paragraph). The strain-compensated design of
the QD layer will become valuable for the future development
of highly efficient IBSCs.

F. I–V Characteristics

Fig. 5 illustrates the flowchart of the proposed model. First,
the device structure is set up, and initial parameters are inputted
into the program. Thereafter, the corresponding transmission
matrix and collection probability calculations are conducted,
and the effective surface recombination rate can be found. The
continuity equations are then solved for Jsc , and the IB transition
restrain (Js,CI = Js,IV ) must be complied.

The total diode current density is determined according to
the sum of the dark current and photocurrent resulting from the

Fig. 5. Illustration of the solution process.

valence to conduction band and IB radiative transitions:

J(V ) = JSC − J0(V ) (28)

and the PCE of the solar cell is calculated as

η =
JSCVOCFF

PSun
(29)

where VOC is the open-circuit voltage, PSun is the solar irradi-
ance, and FF = Jm Vm /JSCVOC is the fill factor. Jm and Vm

are the current density and voltage, respectively, at the oper-
ating point where the power output from the solar cell is the
maximum. Finally, EQE and IV can be outputted to match the
experimental results, and the decision for the subsequent run
parameter can be made.
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TABLE I
EPITAXIAL STRUCTURE OF A QD-EMBEDDED SOLAR CELL [37]

TABLE II
SIMULATION PARAMETERS

Fig. 6. Incident optical field intensity distribution (colored) and collection
probability (black) in device (5 nm GaAs spacer).

III. VALIDATION OF THE MODEL TO SINGLE-JUNCTION

QD SOLAR CELLS

A single-junction GaAs/AlGaAs/InGaAs QD solar cell de-
vice (shown in Table I) was grown in a previous study by using
a molecular beam epitaxial system [29], and a regular process
was conducted for device fabrication. The epitaxial structure is
not optimized for a photovoltaic response; hence, the efficiency
is not high. By using the proposed model, the IV and EQE can
be fitted by one set of parameters listed in Table II. The incident
optical field intensity distribution and the calculated collection
probability are shown in Fig. 6. By adjusting the proper surface

Fig. 7. Comparison of calculated and measured EQE / I–V characteristics of
GaAs solar cell with QD by MATLAB: (a), (b) for 5 nm GaAs spacer and (c),(d)
for 15 nm GaAs spacer.

Fig. 8. Calculation of PCE with tuning the thickness of p-AlGaAs, GaAs
spacer and QD layers, and the color bar is efficiency in percentage.

recombination velocity (9 × 108 cm/s), as well as the absorp-
tion coefficients of materials [30], the IV and EQE fitting can be
obtained, as shown in Fig. 7.

Although the experimental data are properly fitted, the opti-
mized design for the QD-embedded device has yet to be found.
In the simulation conducted in this study, the thicknesses of
p-AlGaAs, the GaAs-spacer, and QD layer numbers could be
varied to determine the best combination, the results of which are
shown three-dimensionally in Fig. 8. As indicated by the loca-
tion of the cursor in the plot, the best PCE appears at p-AlGaAs
= 16.33 nm, with 1 QD layers, and the PCE can achieve 17.18%.
Comparing the baseline structure with GaAs in the intrinsic re-
gion, in which PCE can achieve 16.54%, shows that the QD
structure may have a lower open-circuit voltage but obtains a
higher short-circuit current when the thicknesses of the device
are optimized. The calculated EQE and IV curves are shown in
Fig. 9. The reduction of the carrier lifetime when QD layer num-
ber increases, as pointed out in Section II, is the main reason that
the maximum efficiency happens at 1 QD layer design. These
simulation results demonstrate the enhancement by including
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Fig. 9. Comparison of GaAs baseline and QD embedded device: (a) EQE
and (b) IV. Both devices are based on the AlGaAs/GaAs structure developed in
Table I.

Fig. 10. Comparison of GaAs baseline and optimized QD embedded device:
(a) EQE and (b) IV.

the QD layers, and the PCE of the devices can be improved by
as high as 3.87%.

IV. OPTIMIZATION OF A SINGLE-JUNCTION DEVICE

The feasibility of the model was demonstrated by comparing
the measurement data provided in Section III. In this section, the
optimization of an ideal GaAs and InGaP single-junction cell
is implemented. The resultant structures can be the foundation
of a future study goal: the dual-junction QD-embedded cell.
The GaAs cell can incorporate the QD layers to enhance the
efficiency. The characteristics of QD and GaAs layers can be
built reliably from the parameters in the previous section.

A. GaAs Single-Junction Solar Cell

GaAs is one of the most popular materials for single-junction
solar cells because its direct band gap is nearly ideal, and the
theoretical PCE can achieve 32% [1]. To optimize a GaAs single-
junction p-i-n solar cell, an ideal antireflection coating is applied,
the shading effect by the surface contact is ignored, and the
nonradiative carrier lifetime for undoped GaAs is set for 15 ns
[32]. Based on the proposed calculation algorithm, under a thin
p-type emitter condition, the best pure GaAs solar cell appears
at I–GaAs = 1921 nm with a fixed thickness of 3000 nm for
the N -layer, and the PCE can achieve 30.56%. The QD layers
are then added to complete the design. Two types of carrier
lifetimes are adapted: the first type is the ideal case in which the
quantum dot insertion does not affect the carrier lifetime (τef f

= constant = 15 ns); the second type is the fitted lifetime by
(27) from our devices. In the first case, the maximum efficiency
of QD solar cell occurs at two layers of QD, and is independent
of GaAs spacer thickness. The IV/EQE of GaAs p-i-n solar cells
with and without QDs are both graphed as shown in Fig. 10.
The PCE enhancement by including the QD layers is clear, and
the efficiency can be improved from 30.56% to 30.74%.

Fig. 11. (a) PCE with different N–InGaP doping concentration in the single-
junction case. The red arrow indicates the efficiency at 1018 cm−3 doping
concentration. (b) PCE of a single-junction InGaP solar cell with different N-
InGaP and I-InGaP thicknesses. The doping concentration is 1018 cm−3 in this
case.

In the second case, the dramatic drop in the carrier lifetime
as the spacer thickness gets narrower and QD layer number
climbs up. The photo-generated carrier loss due to tunneling
and nonradiative recombination grows larger and thus the open-
circuit voltage is greatly reduced. The best result occurs at single
QD layer with 29.35% PCE, which is lower than the baseline
and consistent with our observation in the experiments.

B. InGaP Single-Junction Solar Cell

Lattice-matched In0.5Ga0.5P has played an essential role in
multijunction tandem solar cells [33]–[35]. This material has
a larger band gap of 1.9 eV; thus, it is a suitable choice for
top cells in multijunction designs. To derive the high-efficiency
tandem In0.5Ga0.5P /GaAs+InAs QD cell, the ideal structure for
the In0.5Ga0.5P p-i-n solar cell must be calculated first. Similar
assumptions are made, as in the previous section, except that the
nonradiative carrier lifetime of undoped In0.5Ga0.5P is 1 ns [36].

The PCE dependence on n-type InGaP doping concentration
can be calculated as shown in Fig. 11(a), which gives a variation
of 22.02% ± 0.175%. This variation is small enough such that
we will take a constant doping of 1018 cm−3 in the later program
to reduce the computing time. On the other hand, the thickness
of the n-type InGaP layer can also affect the efficiency of the
solar cell. The 2-D contour plot can be seen in Fig. 11(b), and the
maximum PCE of 21.96% can be found at 1584 nm for n-type
layer thickness at the doping concentration of 1018 cm−3 .

V. DUAL-JUNCTION DEVICE

After optimizing the single-junction device, the dual-junction
device design can be undertaken. In the past, triple-junction
devices have been fabricated, and their PCE was as high as
40% [37]. However, the growth of such devices is relatively
complicated, which might be unsuitable for large-scale com-
mercialization. Conversely, dual-junction devices are easier to
fabricate, and by adding a QD layer, obtaining three absorption
bands in a dual-junction scheme is possible. In the design shown
in Fig. 12, the top and bottom cells are composed of InGaP and
GaAs/QD, respectively. Between the cells, a highly doped tun-
nel junction is installed to connect both sides electronically.

The optimized design for each cell (top and bottom) has been
demonstrated in the previous section. However, if the optimized
structures are simply imported from previous sections, the cur-
rent mismatch would lead to a lower PCE of 33.79%. Only when
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Fig. 12. InGaP/GaAs QD tandem solar cell schematic diagram.

Fig. 13. Calculation of PCE with tuning the thickness of I–InGaP and N–
InGaP for the ideal InGaP/GaAs+InAs QD dual junction solar cell.

short-circuit currents are the same in both cells can the highest
PCE be achieved.

Matching the top and bottom cell currents can be accom-
plished by varying the thicknesses of the I-InGaP and N -InGaP
layers, with a thin p-type emitter at the top and the GaAs+InAs
QD bottom cell, which is optimized in Section IV.A. Based on
the proposed algorithm, the PCE can be mapped, as shown in
Fig. 13. Since the n-type layer of InGaP in the tandem cell is
thin due to the current matching, the doping concentration de-
pendence is minimal in our current design. In this dual junction
device, three different carrier lifetimes are tested: the first one
is the ideal condition with constant carrier lifetime and strong
QD absorption; the second one is the carrier lifetime from our
devices fitted by (27); and the third one is the carrier lifetime
extracted from [26]. Due to the deterioration of the carrier life-
time caused by either high layer number or small GaAs spacer,
the second and third case can only yield 34.75% and 35.80% of
PCE, respectively.

The best PCE appears in the first case at I-InGaP = 1133 nm
and N-InGaP = 34 nm, and the PCE can achieve 39.04%. The
IV/EQE plots are shown in Fig. 14, and the IV curve shows that
both Voc and Jsc of the tandem cell are enhanced when the diode
current is matched.

This result, although not as favorable as 56% in the ideal
triple-junction device [38], still surpasses the 35% efficiency in
a previous dual-junction design [39], and could be a promising
candidate for the cost-effective design of highly efficient solar

Fig. 14. Current-matched tandem cell with a QD layer simulated by MATLAB
(a) EQE versus wavelength, the red circle marks the quantum dot contribution.
(b) IV curves.

cells. From the simulation, the importance of the carrier lifetime
should be also fully recognized. Only when there is a good
QD layer growth, there is a possibility to achieve high carrier
lifetime, and thus high conversion efficiency.

VI. CONCLUSION

In conclusion, this study proposes a solar cell design that
was analyzed systematically by combining the merits of QD IB
absorption and a dual-junction tandem cell. This concept was
applied on a MATLAB platform, and several models were inte-
grated. By fitting the actual QD solar cells, the device parameters
can be determined and used for forecasting the optimized struc-
tures. The final results showed that the proposed device can
achieve a PCE as high as 39.04% under ideal condition. The
proposed dual-junction QD-embedded solar cell is both easy
to manufacture and highly efficient, and could be a promising
design for next-generation photovoltaic devices.
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