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Abstract: Quantum dot solar cells require very high absorption of the second low-energy
photon to operate in the intermediate band regime. We study guided-mode resonance backside
gratings demonstrating strong enhancement of intraband optical transitions.

OCIS codes: 040.5350 Photovoltaic; 050.1950 Diffraction gratings; 050.6624 Subwavelength structures

1. Introduction

Efficiency enhancement of solar cells through the use of intermediate band (IB) materials exploits the sequential
absorption of two sub-bandgap photons to achieve large photocurrent and high voltage at the same time [1, 2]. The
sequential two-photon absorption requires the introduction in the semiconductor forbidden band gap of an energy
level or band which supports strong optical transitions from and to the valence band (VB) and conduction band (CB),
respectively, while being electrically isolated from them. Quantum dots (QDs) are well suited as an IB material as they
form three-dimensional potential wells that provide bound states fully isolated from the continuum bands owing to
their zero-dimensional density of states [2]. Strong interband and intraband optical absorption is needed [1] to make
QD solar cells operate in the IB regime and reach high efficiency, but from the practical standpoint the QD material
effective absorption is limited by the relatively low QD density and low number of QD layers that can be used in
the solar cell without compromising the crystal quality. Taking advantage of a thin-film configuration, novel photon
management techniques applied to QD solar cells may overcome such limitation [3]. Moreover, thin-film solar cells
utilizing QDs are very promising for space applications due to their impressive weight/output power ratio and improved
electrical performance [4,5]. We have previously demonstrated QD photocurrent enhancement in QD thin-film solar
cells fabricated by epitaxial lift-off [6]. In this work, we investigate the use of guided-mode resonances (GMR) in thin-
film cells [7] patterned with a bi-periodic sub-wavelength grating to enhance the long-wavelength intraband transition.
In addition to providing a remarkable increase of the intraband absorption, such a grating acts as diffraction grating at
the QD interband transition wavelengths, yielding increased cell absorbance in a wide spectral range.

2. Device Design

The active region of the cell (Fig. 1 (a), (b)) is made of a stack of InAs/GaAs QD layers with overall thickness of 150
nm, embedded within two GaAs layers of 300 nm and 200 nm, respectively. The primary VB - IB transition of the QD
material is set to 1.13 eV, and the IB - CB (second low energy photon) transition to 270 meV. The QD optical model
for the interband wavelength range was calculated in [8]. The absorption coefficient of the IB - CB transition (¢c) is
a subject of theoretical and experimental research, with reported values ranging from few tens to thousands of cm™!.
Here, we consider a constant value of 200 cm ™! at A = 4.6 um +0.3 um, taken from experimental data of InAs/GaAs
QD layers with similar in-plane QD density [9]. In order to independently optimize both anti-reflection and GMR
effects, the grating is placed on the back-side, as shown in Fig. 1 (b), and is patterned onto the bottom AlInP layer,
which also acts as a back surface field layer. The grating is terminated by a conformal, planarizing polymer layer and
a planar Ag mirror to achieve the highest possible reflectivity while preventing parasitic electrical losses and optical
loss in the mirror. A dual-layer antireflection coating is used.

The planar layers on top of the grating make a slab waveguiding structure, with supported modes characterized by
the effective indexes shown in Fig. 1 (c), calculated according to the slab waveguiding theory. The resonant field en-
hancement is realized by the GMR grating when a phase matching condition occurs between the evanescent diffracted
waves excited by the grating and the waveguides modes supported by the waveguiding structure [7]. Under the hy-
pothesis of weak index modulation, such condition is fullfilled for normal incidence when A = mA /n.s, A being the
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Fig. 1. (a) Reference planar structure and (b) structure terminated by the GMR three-dimensional cu-
bic grating with period=A. The layer thicknesses are: 110 nm - SiO;, 55 nm - TiO,, 300 nm - GaAs,
150 nm - QD, 200 nm - GaAs, 82 nm - AlInP, 1200 nm - AlInP grating layer, 250 nm - polymer
(n=1.55). (c) Effective refractive index of the guided modes as a function of the wavelength, with
phase matching conditions for the first (im=1) and second (m=2) orders for a grating with A=3.8um.

grating period, m the diffraction order, A the incident wavelength, and n.s the effective index of a guided mode. Thus,
a suitable grating period is first chosen on the basis of the approximate resonances identified according to Fig. 1 (c).
Grating optimization is then based on full electromagnetic simulations. Here, cubic grating structures were simulated
using the rigorous coupled-wave analysis (RCWA) method. Optimization - aimed at maximizing the absorbance in the
QD photoactive region at the second photon absorption wavelength (A = 4.6 um) - was carried out in terms of period
and aspect ratio, by using a fixed duty cycle of 0.5.

3. Results

Fig. 2 (a), (b) show the electric field amplitude and absorbed photon density at 4.6 um of the GMR structure and
the reference planar structure, for a grating with optimized period A = 3.8 um and depth d = 1.2 um demonstrating
significant field waveguiding and absorption enhancement in the quantum dot layers. The absorbance in the GaAs and
QD regions at short and long wavelengths is reported in Fig. 3 (a) and (b), respectively, for the GMR and reference
planar solar cells. The GMR cell shows a remarkable increase of absorbance at the second photon wavelength (Fig.
3 (b)) with respect to the planar one. Based on a simple Lambert-Beer model of the QD stack, the effective optical
path length of the 150 nm thick QD stack - or equivalently its effective absorption coefficient - is enhanced by a
factor larger than 350. Thus, the material ogc of 200 cm™! turns into a real absorption of 7 x 10* cm~!. Notably, the
GMR provides somewhat improved light trapping in the interband QD region (A = 0.895 — 1.2 um, Fig. 3 (a)), whose
associated photocurrent increases from 0.509 mA/cm? in the planar structure to 1.063 mA/cm? in the GMR structure.
Finally, Fig. 3 (c) demonstrates the achievable GMR enhancement, defined as the ratio of the absorbance at 4.6 um of
the GMR cell and of the reference planar cell, as a function of the QD intraband optical coefficient. Even for og¢c of
1000 cm ™!, the absorbance enhancement is as high as 50. This strong enhancement is expected to make the InAs/GaAs
QDSC achieve efficiency higher than single-gap GaAs cells even at low concentration [3]. Finally, the structure and
approach investigated in this work find important application in intraband quantum-dot infrared detectors.
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Fig. 2. (a) Average electric field amplitude and (b) average spatial absorbed photon density at A =
4.6 um. The spatial profiles are obtained by averaging across the direction normal to the growth
direction (z).
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Fig. 3. Calculated absorbance spectrum (a) at A = 0.4 — 1.2 um (GaAs and QD interband transitions)
and (b) around A = 4.6 um (QD intraband optical transition) under AM1.5G illumination. (¢) GMR
Enhancement as a function of the QD intraband optical absorption (0qc) at A = 4.6 um.
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