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Efficiency Improvement of p-i-n Solar Cell
by Embedding Quantum Dots

Yi-Hsien Lin and Jean-Fu Kiang”

Abstract—A model of solar cell embedding quantum dots in the intrinsic layer of a p-i-n solar cell
has been presented. With proper selection of material, size and fractional volume, quantum dots can
provide an intermediate band between the valence and conduction bands of the matrix material, which
will absorb photons with energy lower than the original bandgap to absorb more incident photons in
the otherwise unused spectral irradiance. The design approach to acquire the highest efficiency of the
conventional p-i-n solar cell is presented as a benchmark. Quantum dots are then embedded in the
intrinsic region of the reference solar cell to improve its efficiency. InAs is chosen to implement the
quantum dots, to be embedded in the p-i-n solar cell made of GaAs. With a more packed arrangement
of QD’s from that in the literatures, the simulation results shows that the efficiency of the conventional
GaAs p-i-n solar cell can be increased by 1.05%.

1. INTRODUCTION

In conventional solar cells, the photons from solar radiation are collected in the p-n junctions [1]. Their
efficiency is constrained by the Shockley-Queisser limit [2], due to blackbody radiation [3], spectral loss,
excessive energy of the absorbed photons, and recombination loss [4]. Up to August 2013, the highest
efficiency achieved by a single-layer solar cell, made of GaAs, is 28.8% [5, 6].

Multi-junction solar cells [7, 8] and light-concentrated solar cells [9] have been proposed to break
the efficiency limit. The efficiency has been pushed to 37.9% with a three-layered solar cell, composed
of InGaP/GaAs/InGaAs [6], and 44.4%, under 302 suns of concentration [6].

The intermediate-band solar cells (IBSC), has also been proposed to increase the efficiency. These
solar cells involve a two-step transition: A photon with energy higher than the bandgap between the
valence and the intermediate bands is absorbed to generate an electron. Then, another photon with
energy higher than the bandgap between the intermediate and the conduction bands pumps the previous
electron to the conduction band [10]. By providing an additional intermediate band between the valence
and the conduction bands, photon absorption has been made more efficient [7]. QD solar cell is one of the
methods to implement IBSC’s. The quantum dots are embedded in a matrix to form an intermediate
band, with its energy level dependent on the QD size. An alternative form of IBSC is the bulk IB
solar cells, in which the intermediate bands are created with strongly mismatched alloys [11] or high
concentration of impurities such as rare-earth elements [7] to create multiple intermediate bands.

There are at least two types of process to implement quantum dots. The first one makes colloidal
QD’s, using materials like CdSe and PbS. The colloidal QD’s have been implemented in various sizes
and shapes, as well as integrated with conductive polymers.

The second type is called epitaxial QD’s, which are self-assembled nano-crystallites, grown with
molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD) process in the
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Stranski-Krastanov growth mode [12,13]. They can be grown at regular spacings in the intrinsic layer
of a p-i-n solar cell. The Fermi-Dirac distribution of the intermediate band is made 1/2 by inserting an
n-type d-doped layers between two adjacent layers of QD’s, with the same doping density per area as the
QD’s, in order to have the same number of states in the intermediate band to accommodate electrons
coming up from the valence band with that to supply electrons to be pumped into the conduction
band [14]. The size of quantum dots also affects the absorption and recombination properties of the
semiconductor material [15], which will be considered in designing the intermediate band.

Quantum-dot solar cells have been claimed to improve the efficiency over the conventional solar
cells. However, it has been found that when QD’s made of InAs are embedded in a GaAs solar cell,
the efficiency is reduced [10,16]. If the additional recombination current attributed to embedding the
QD’s dominates over the additional generation current, a lower efficiency than the conventional solar
cell is achieved. In this work, the arrangement of QD’s in the intrinsic region as in [10,16-19] is made
more packed to increase the maximum available fractional volume of QD’s. By increasing the fractional
volume, the generation process is made stronger than the recombination process so that the efficiency
of the GaAs solar cell can be increased.

In this work, InAs quantum dots are analyzed and designed to increase the efficiency of the
conventional p-i-n solar cells made of GaAs. The basic theories are briefly reviewed in Section 2,
simulation results and discussions are presented in Section 3, and some conclusions are drawn in
Section 4.

2. REVIEW OF BASIC THEORIES

2.1. Energy Level of Spherical Quantum Dots

The QD’s can be grown in pyramidal shape by self-assembling in the Stransky-Kastranov mode [12].
The size of QD’s is much smaller than the working wavelength, and their shape can be approximated
as an ideal sphere [20] in deriving the relation between its size and the effective band-gap, using the
effective mass approximation [20].

By solving the Schrodinger equation for a spherical particle of radius a, a dispersion relation can
be derived as [21]

ﬂacotﬂa——m*<aa+1>—1—m*‘\/(m*) (2 - ) .

Mo Mo Mo

where m* and m,, are the effective mass of an electron (or a hole) in and outside the well, respectively [22];
h is the reduced Plank’s constant, and V, is the confining potential. The energy level, E, is related to
the eigenvalue, 3, as

h2 2
p="0 )
2m*
Figure 1 shows the band diagram of a quantum dot immersed in a semiconductor matrix. The
effective bandgap of a QD, immersed in the matrix, becomes

D bulk
ERP = P + AE, (3)
with
AE, = AE. + AE;, (4)
where
2122 h2 2
AE, = " Be AE), = B (5)

2m?’ 2m;
my and mj are the effective mass of an electron and a light hole, respectively. Both light hole and
heavy hole states exist in InAs. Compared with the heavy hole, a light hole has a lower mj, leading to
a wider bandgap shift based on (5). . and [} are derived from the dispersion relation in (1), where
Voe = Vo, =V, = (E;nat — E;)‘ﬂk) /2. As mentioned in [23], any combination of V,. and V, can reach
a similar solution as long as V,e 4+ Vj, is the same. Relevant parameters for the calculations in (5) are
listed in Table 1.
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Figure 1. Band diagram of a quantum dot immersed in a semiconductor matrix; E®* and EPUK are
the bandgaps of the matrix and the bulk material of QD’s, respectively; V,e and V,; are the confining
potential of electrons and holes, respectively; E;QD is the effective bandgap of a QD; E}'}ulk is the Fermi
level in the bulk material of QD’s; Er, and Er, are the Fermi levels of electrons and holes, respectively,
in the matrix.

Table 1. Parameters for the calculation of InAs QD’s in GaAs matrix [21, 24, 25].

E;nat E;"‘lk my/me | my/me
1.42¢eV | 0.36eV | 0.028 0.33

me: mass of a free electron.

2.2. Materials Embedding Quantum Dots

If the size of QD’s is much smaller than the light wavelength in the matrix [26], the dielectric properties
of the QD’s can be estimated using the dipole approximation. Consider a time-harmonic external
field, E(t) = EE(w)cos(wt), the polarization density of QD’s can be expressed as P(w) = N(p(w)) =
eox(w)E(w) [27], where N is the number density. The susceptability can be expressed as

K@) = 2 o = o) + ) ©)

Wnm — Wo + J¥nm Wnm + W0 — J¥nm

where wp, = (B — En)/h, B, and E,, are the energy levels of eigenstates n and m, respectively; vpm
is the HWHM (half-width at half-maximum) of the frequency band centered at wpm; Pnm = Prm - E,
with Prm = (un(7)|plum (7)) [27]; p = —er is the dipole moment; py,m, and py, are the probability of the
system being in the initial state m and the final state n, respectively.
The dielectric function, at the frequency corresponding to the bandgap between the conduction
and the valence bands, of the bulk material of QD’s can be expressed as
2 e

I ____ Sos
Vap moeo

GQD(W) =€+ o2

[fc(Ee) - fv(Eh)} (7)

— w% — 2jyw

where myg is the mass of a free electron, €y the dielectric constant in free space, v the HWHM of the
frequency band centered at wy, €, the real part of the dielectric constant of the bulk material of the
QD’s, Vop = (47/3)a® the volume of a single QD, and N = 2/Vqp [26],

/ / / U (F) U (F) dF

is the oscillator strength [26], with W.(7) and U,(r) the wave functions of electrons and holes,

2

(8)
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respectively, and |/// W (7)) (F)dP| ~ 1; ME = (mo/6)E,, with E, (in eV) the plasmon energy;

1
fC(EE) = 1 + 6(E€—E2ulk)/(HT) (9)
folEn) = ! (10)

1+ e(Bn—Ep")/(sT)

are the Fermi-Dirac distributions of electrons and holes, respectively; F. and Ej, are the energy levels
of electrons and holes, respectively, in the bulk material of QD’s.

Similar to (7), the dielectric functions at the frequencies corresponding to the valence-to-
intermediate and intermediate-to-conduction bandgaps can be expressed as

2 €2
%%&s,w
EQD,iv(w) =€+ 2 D) . [fib - fv] (11)
W = W( iy, — 2J7W
2 €2
%moﬁofos’m
€QD.ci(w) = e + — [fe — fin (12)
QD,ci CUQ_Q%CZ_Q]’YCU c i
where
92 2
bonio = M| [ [ [ WD war)r
ol Wo iv
2 2
M? / / / U, (7, (F)dF
gos,cz omo,ci b e( ) h( )
and

is the occupation probability in the intermediate band [10, 28];
E.+FE, &I N,
Efp=—F—+—In—
fi 5 T3 'N,

is the Fermi level of the matrix in the intrinsic region; E. and F, are the energy levels of the conduction
band and the valence band, respectively, of the matrix; N, and N, are the number density of states of
the electrons and the holes, respectively.
The absorption coefficients in the valence-to-intermediate and intermediate-to-conduction bands
can thus can be derived from (11) and (12) as
Qi = 2konl, (w) (13)
Qe = 2konis; (w) (14)
where kg is the wavenumber in free space, and the complex refractive indices are derived from the
dielectric functions as

n;v - ]n;{U = V€QD,iv
Ny — Jhe; = V€QD,ci
2.3. Current Density of Solar Cells

As shown in Fig. 2, the photons with energy lower than the original bandgap can now be absorbed
due to the presence of an intermediate band. Three different generation rates, associated with the



Progress In Electromagnetics Research, Vol. 146, 2014 171

1
Gci Fci Ec’i
B ° L )
{5,
g Fi'U (Fep L'ew Eiy
E, <] [ 1

Figure 2. Band diagram with the presence of an intermediate band.

valence-band /conduction-band transition (G.,(z)), the intermediate-band/conduction-band transition
(G.i(z)) and the valence-band/intermediate-band transition (Gj,(z)), are determined as [17]

Ges(z) = h G(E)ae(B)e = E)rqp (15)
Eg
Eiv
Goi(x) = 7y H(E)oi(B)e e E)l2qp (16)
Giv(z) =74 (E)ayy(B)e w0 E2gp (17)

v

with the accompanying bandgap energies of E,, E. and Ej,, respectively; ¢(F) is the spectrum of
photons incident upon the top surface of the layer embedding QD’s; x is the distance measured from
the top surface; ac,, o and ay, are the associated absorption coefficients; vy is the fractional volume
(fqp) of QD’s in the matrix.

Figure 3(a) shows the arrangement of quantum dots in a regular grid as in [14, 16, 20, 29]. Typically,
QD’s are placed closely in the intrinsic layer so that the electron wave functions at the QD’s overlap to
create a continuous intermediate band [18]. It is suggested that QD’s should be placed as close together
as possible to increase the absorption coefficient, while not to induce the stimulated emission effect [20].
In [20], QD’s with radius of 3.9nm and spacing of d > 10nm have been considered. Following this
trend, the fractional volume of the dots will be at most 24.7%. Fig. 3(b) shows a staggered grid of
QD’s, which leads to a maximum fractional volume of fop = 32.3%.

Figure 4 shows the band diagram of a p-i-n solar cell, the Fermi-levels in the intrinsic layer are
approximated as constant, under the assumption of infinite mobility of free carriers [29], which implies
infinite diffusion lengths. Hence, the solar cell is relatively thin compared with the diffusion lengths.
The QD’s are embedded in the intrinsic layer (0 < z < Wpg), in which the electron and the hole
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Figure 3. Quantum dots arranged in (a) a regular Figure 4. Band diagram of a p-i-n solar cell
grid [14, 16,20, 29] and (b) a staggered grid. with an intermediate band.
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concentrations satisfy [19]

d’n

an - ch - Pci + ch + Gci =0
d’p

Dp@ - ch - Fiv + ch + Giv =0

where D,, and D,, are the diffusion coefficients of electrons and holes, respectively; I'¢,, I'¢; and I';, are
the recombination rates associated with the three different bandgaps as were mentioned.
The boundary conditions at the interface of the intrinsic layer are [19]

d 1
Duze = =y, x=0
dp 1
- p% = ng,na Tr = WF

Thus, the hole current density at x = 0 can be expressed as

o0 ey L ey Lpe™@WF 1 sinh(Wp /L)
Jpi(x=0) = dE¢,————2 Lp P2 L
pilz=0)=e [Eg ¢ a2, 12— 1 [ cosh(Wr /L) Qv
N /Eg 1B Qiv Ly i Lype ®WF 4 sinh(Wg/L,) ol Jpn (18)
€ o — Wiy —
K B o L2 —1 cosh(Wg/L,) P| " cosh(Wg/L,)
where L, is the diffusion length in the intrinsic layer.
Similarly, the electron current density at © = Wr can be expressed as
R QepLn QepLpe= %W 4 sinh(Wr/Ly,)
n.i = = dE I5) - chn
Tnil@ =Wr) e/Eg Cre— { cosh(Wr/Ly) “
E; i W e
v OiLn e eiWF ginh(Wg/Ly) — aeiLy, oW Inp
drE o ciLn Qe E - 1
e /Em. ¢ <a(2:iL% — 1> [ cosh(Wg/Ly,) ta c + cosh(Wg/Ly,) (19)

where L,, is the diffusion length in the intrinsic layer.
The total short-circuit current density matches at the boundaries at x = 0 and x = W to indicate
that there is no net current from the intermediate band to the external circuit [17]

Jee = = gl = 0) + Jypie = 0)] = = [Jpula = We) + Joi(w = Wp) (20)

where the minus sign indicates that Jg. flows in the — direction. Note that J, j is the electron current
generated in the p-layer, and Jp, is the hole current generated in the n-layer [17]. Both terms are
dependent on the layer thickness and material properties [1].

Recombination process takes place in the n-type and the p-type quasi-neutral regions, the depletion
region and the intrinsic region. The recombination current density in the quasi-neutral regions can be
expressed as [1,17]

en?Dy, (Sy, L/ Dy) cosh(Z,/ Ly,) + sinh(Z,/Ly,)
L,Ny (SpLy/Dy)sinh(Z,/Ly) + cosh(Z,/Ly,)

eni Dy (SpLp/Dp) cosh(Zy/Ly) + sinh(Z,/Ly) [ eV/(kT) _ 1}
L,Np (SpL,/D,)sinh(Z,/L,) + cosh(Z, /L)

Irq =

(21)

where n; = N.Nye Ed’ "/ (”T); N, and N, are the effective number density of states in the conduction
band and the valence band, respectively, of the matrix material; Np and N, are the doping
concentrations in the n-type and the p-type semiconductors, respectively; V' is the forward-bias voltage.
For the a-type semiconductor, with @ = n, p, S, is the surface recombination rate, D, the diffusion
constant, L, the diffusion length, and Z, the thickness.
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The recombination current density in the intrinsic region is contributed by three recombination
processes over conduction-band/valence-band, conduction-band/intermediate band and intermediate-
band/valence-band, respectively. The recombination current density attributed to the conduction-
band/valence band process can be expressed in the blackbody radiation model as [17]

_ 2T [ evnT) _ /OO “EJ(RT) B2 (1 _ o—acaW
Jrer =255 e 1] e E*(1— e ®Wr)dE (22)

2

where h is the Plank’s constant, ¢ is the speed of light, and 732
c

/ E2e~E/(5T) 4 F is the incident solar

irradiance under the Plank’s approximation.

By embedding QD’s, additional recombination current densities, J,.. over conduction-
band/intermediate band and J,;, over intermediate-band/valence-band, which can be expressed by
modifying the blackbody radiation model in [17] with the fractional volume, v, as

2 Eiv
g 20| pettei/ (KT) _ —E/(&T) 2 (1 _ o~ iWF
Ir.ci V€352 [e 1} /Ea e E (1 e )dE (23)
2T Ty ) (KT Bo ety — W,
Triw = Ay [t/ 6T 1] /E e BT 2 (1 genVr) g (24)

where, as shown in Fig. 4, ue, = V is the split of Fermi levels between the n-region and the p-region;
tiv = ¢V is the split of Fermi levels between the i-region and the p-region; p; = (1 — )V is the split
of Fermi levels between the i-region and the n-region; with 0 < ¢ < 1 and pie; + fiv = v [17,19]. In
order to maintain charge neutrality in the intrisic region, it is required that J; . = Jy4 [17,19], from
which ( is determined.

The recombination current density in the depletion region can be expressed as [17]

Jra = S [0 ] (25)

where W is the thickness of the depletion region. In the presence of QD’s, the total recombination
current is derived from (21), (22), (23) and (25) as

J’I‘ = Jr,q + JT,CU + Jr,ci + Jr,d (26)
From (20) and (26), the total current density is
J - JSC - J’r‘ (27)

3. SIMULATION RESULTS AND DISCUSSIONS

When QD’s are embedded in a matrix, as shown in Fig. 1, a bandgap of E;QD is created. Photons with

energy equal to or higher than FE;, = E;QD can be absorbed to pumped an electron from the original
valence band. Thus, an intermediate band at E;, above the original valence band is created, as shown
in Fig. 2. Once the desired Ej, is specified, the required bangap shift, AE, = E;QD — E};un‘, defined
in (4) and (5), can be achieved by adjusting a with (1).

Figure 5 shows the absorption coefficient of GaAs, a typical matrix material for solar cells. The
bandgap of GaAs is 1.42eV, corresponding to a cutoff wavelength of 873 nm. A single-junction GaAs
solar cell, produced by Alta Devices, is measured to achieve an efficiency of n = 28.8%, under the AM1.5
spectrum at 298 K [5].

Figure 6(a) shows the simulated J-V curve of a single-junction GaAs p-n solar cell. The thicknesses
of the p and n regions are 0.15 um and 6.5 um, respectively. The doping concentrations are 8 x 106 cm =3
in the p region and 8 x 106 cm™3 in the n region. The surface recombination rate at the top and the
bottom contacts is set to zero. The short-circuit current density is Js. = 31.9mA /cm?, the open-circuit
voltage is Voo = 1.05V, F'F = 0.85, and the efficiency is n = 28.58%, comparable to that in [5].

Figure 6(b) shows the external quantum efficiency (EQE) of this solar cell, defined as

JS C

EQE - €¢io

(28)
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Figure 5. Absorption coefficient of GaAs [30].
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Figure 6. (a) J-V curve and (b) EQE of a single-junction GaAs p-n solar cell, with n = 28.58%.

where ¢;, is the incident photon flux on the top surface of the cell. The EQE is the generation rate
(1/cm?/s) of net free carriers per incident photon. It depends on the doping concentrations, layer
thickness and material properties, including the absorption coefficient, the diffusivity of free carriers,
and the surface recombination rate on the top and bottom interfaces. The surface recombination rates
on the top and bottom interfaces are approximated as zero. The EQE is low at long wavelengths, mainly
due to the low absorption coefficient.

To enhance the efficiency, an intrinsic layer is inserted to make a single-junction GaAs p-i-n solar
cell. Fig. 7(a) shows its  and Ji. at different doping concentrations, with N4 = Np. The thicknesses
of the p, i and n regions are 0.8, 2.8 and 3 um, respectively. The surface recombination rate at the top
and bottom contacts is set to zero. At lower doping concentrations, the lifetime of minority carriers is
increased due to lower possibility of recombination, hence higher 1 and Js. are achieved.

In Fig. 7(b), the built-in potential becomes lower than the open-circuit voltage, Vo, when the doping
concentration is too small, which is nonphysical. Hence, a higher doping concentration is preferred. The
EQE shown in Fig. 7(c) is nearly a constant at lower wavelengths.

Figures 8, 9, 10 show how the thicknesses of the i, p and n regions, respectively, affect the efficiency,
Jses Voo and EQE’s of the p-i-n solar cell. The reference doping concentrations are N4 = 8 x 1016 cm™3
and Np = 2.5 x 10" cm™. The surface recombination rate at the top and the bottom contacts is set
to zero.

As shown in Figs. 8(a) and 8(b), the efficiency, Js and V,. increase with increasing Wr. As Wp
increases, the recombination process becomes stronger than the generation process. Hence, the efficiency
appears to saturate when Wy > 3.5 um.

In the intrinsic region, the carrier lifetime is relatively long due to its low doping concentration.
Hence, a larger W leads to a higher EQE, as shown in Fig. 8(c).

Figures 9(a) and 10(a) show that the efficiency increases as Z, or Z,, decreases. Figs. 9(b) and
10(b) show that V. increases while Js. decreases as Zy or Zy decreases. When Z,, or Z,, gets smaller,
less space is left for the generation process to take effect, hence Jy. decreases. In addition, when Z,
or Z, becomes shorter than the diffusion length of the minority carriers, the recombination process
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Figure 8. (a) n, (b) Jsc (——) and V. (———), and (c) EQE of the solar cell with different Wr’s; :
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and 1.12 pum, respectively; the doping concentrations are Ny = 8 x 106 cm™3, Np = 2.5 x 10" cm 3.
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becomes weaker, leading to lower J,, and J,. If J. does not decrease as much as J, when Z, or Z,, is
decreased, V. will increase.

Figures 9(c) and 10(c) show that the EQE is lower at smaller Z, or Z,. As a comparison, Figs. 9(a)
and 10(a) show that the efficiency is higher at smaller Z, or Z,,. Note that the definition of EQE in (28)
involves only Jg, which is related to the generation process; the recombination current is not considered.

In order to achieve high efficiency, smaller Z, and Z,, are chosen, leading to a higher V., which in
turn demands a higher V;;. Therefore, a larger number of N4 x Np is required.

As shown in Fig. 7(c), the EQE at shorter wavelengths is insensitive to the doping concentrations.
Since the high-energy photons are mainly absorbed in the p region, a higher N, is preferred. Hence,
we choose Ng = 8 x 100 cm™3 and Np = 2.5 x 10'® cm™3. The thicknesses of the p, i and n regions are
0.04 wm, 3.5 um and 1.12 um, respectively. The surface recombination rate at the top and the bottom
contacts is set to zero. As shown in Fig. 11, we achieve Jy. = 31.7mA/cm?, V. = 1.103V, FF = 0.87,
and n = 30.60%.

Embedding the QD’s in the intrinsic layer of the cell, higher fqop means higher density of the
intermediate band, which leads to a higher rate of free-carrier generation. Thus, we take the arrangement
of QD’s as in Fig. 3(b), with fqp = 32.3%. Fig. 12 shows the bandgap of an InAs QD in the GaAs
matrix, calculated using the method described in Section 2.1. The required radius of QD’s thus can be
obtained.

To ensure the intermediate band is half filled, it is required that fi, = 0.5 in (11) and (12). Also,
to make sure no net current is contributed by the intermediate band, (20) and J,. ; = J; ;, are imposed.
Under these restrictions, the highest n of 31.65% is achieved with E;, = 0.94eV and a = 1.19nm.

Figure 13 shows the simulated J-V curve of a single-junction GaAs p-i-n solar cell, embedded
with InAs QD’s at a fractional volume of 32.3%, N4 = 8 x 10'%cm™3, Np = 2.5 x 10 cm™3; the
thicknesses of p, i and n regions are 0.3, 1.3 and 1.6 um, respectively. We obtain J. = 34.87mA /cm?,
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Figure 11. (ag J-V curve and (b) EQE of a single-junction GaAs p-i-n solar cell. Ny = 8 x 106 cm—3,

Np = 2.5x10% cm™3; the thicknesses of p, i and n regions are 0.04 um, 3.5 um and 1.12 um, respectively;
Jse = 31.7TmA /em?, Voo = 1.103V, n = 30.60%.
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Figure 12. Bandgap of an InAs QD in the GaAs matrix.
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Figure 13. J-V curve (———) and ¢ ( -) of a single-junction GaAs p-i-n solar cell with InAs QD’s;
fop = 32.3%, N4 =8 x 106 em™3, Np = 2.5 x 10'® cm™3; the thicknesses of p, i and n regions are 0.3,

1.3 and 1.6 um, respectively; Js. = 34.87mA /cm?, Voo = 1.075V, n = 31.65%.

Voe = 1.075V, and n = 31.65%. Note that the thicknesses of p, i and n regions are not the same as
those adopted to achieve the highest 7, as shown in Fig. 11, of the p-i-n cell without QD’s. With the
presence an intermediate band between the original valence and conduction bands, the generation and
recombination mechanisms are modified. The additional condition on current density matching at z = 0
and x = Wy also affect the optimum choice of layer thicknesses.

Figure 13 also shows the ratio, ¢ = p;,/V, at different forward-bias voltages, with J, . and Jy
calculated using (23) and (24), respectively. As V increases, the built-in voltage shown in Fig. 4
decreases, leading to a larger split between the quasi-fermi levels, Ey,, and Ef,, as well as larger ji;,.
Since p4,, increases slower than V', ( becomes smaller at higher V.

Figure 14 shows the absorption coefficients at different wavelengths, where the intermediate band
is designed at 0.94eV above the valence band, namely, E;, = 0.94eV and E., = 0.48eV. The
absorption coefficients in the valence-band/intermediate-band and the intermediate-band/conduction-
band transitions are derived from (13) and (14), with Ay = 1.5meV [26]. The absorption coefficient in
the valence-band/conduction-band transition is that of the matrix.

Figure 15 shows the EQE of the solar cell with and without QD’s, respectively. In the absence
of QD’s, the bandgap is Eglat = 1.42€V, corresponding to 873nm in wavelength. The EQE at the
wavelength above 873 nm is zero because no free carriers can be generated.

When QD’s are embedded, besides the photons with energy higher than E;“at, some photons with

energy lower than E;nat can now be absorbed. Free carriers can be generated by photons with energy

ranging from F.; = 0.48ev to E;“at = 1.42eV, corresponding to wavelengths from 873 to 2583 nm. The
additional absorption in this spectral region is due to the existence of the intermediate band. However,
note that the EQE in Fig. 15, the EQE is only presented to E;, = 0.94eV, corresponding to 1319 nm in
wavelength. Because the electrons must be excited simultaneously from valence to intermediate band
and from intermediate to conduction band to generate current in the intrinsic region. Hence, the EQE
is calculated with photon energy above the higher of F;, and E;.
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Figure 14. Absorption coefficients as a function Figure 15. EQE of GaAs p-i-n solar cell without
of wavelengths. ( ) and with (— — =) QD’s, fop = 32.3%,
other parameters are the same as in Fig. 13.
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The EQE at short wavelengths and long wavelengths (close to the cutoff wavelength) are dominate
by the surface recombination on the top and the bottom contact, respectively, of the solar cell. That
of the intermediate wavelengths is dominate by the bulk recombination loss in the solar cell. The
embedded QD’s can enhance the absorption at long wavelengths, thus compensating for the loss on
the bottom contact. Hence, higher EQE can be reached at long wavelengths. In this work, the surface
recombination at the top contact is approximated as zero, which can be achieved by design. Hence, the
EQE at short wavelengths can also be improved.

4. CONCLUSIONS

The efficiency of a single-junction p-i-n solar cell has been increased by embedding quantum dots in
the intrinsic layer. With the embedded QD’s, an intermediate band is created between the valence
and the conduction bands to absorb additional solar irradiance carried by photons with energy lower
than the original bandgap. The energy level of the intermediate band depends on the size and material
properties of the quantum dots, which can be tuned to achieve the highest absorptance. To ensure
the efficiency enhancement by embedding QD’s, a more packed arrangement of quantum dots has been
proposed to increase their fractional volume in the intrinsic region. An efficiency of n = 31.65% has been
achieved, with E;, = 0.94eV and the radius of InAs QD’s being ¢ = 1.19nm. A conventional GaAs
single-junction p-i-n solar cell has also been fine-tuned for reference, which has an optimal efficiency of
n = 30.60%. An efficiency improvement of 1.05% is thus achieved by embedding InAs quantum dots.
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