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ABSTRACT: This work summarizes our results in the development of high efficiency III-V quantum dot (QD) solar 

cells, aimed at tackling with two of the most relevant issues posed by QD solar cells (QDSCs), namely the 

degradation of open circuit voltage and the weak photon harvesting by QDs. In particular, we report our latest 

achievements in: i) The molecular beam epitaxy growth of high-quality QDSCs, demonstrating Voc as high as 0.94 V 

and low penalty (~ 40 mV) with respect to the single-junction reference cell. ii) The development by nanoimprint 

lithography of metal/polymer back reflectors with high diffraction efficiency, enabling four times increase of the QD 

photogenerated current. Experimental results are discussed with the support of numerical simulations.  
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1 INTRODUCTION 

 

Future applications in space and aeronautics demand 

for very high efficiency, lightweight and flexible solar 

cells. To achieve these goals, several approaches are 

investigated worldwide to bring new concepts in the 

consolidated III-V single- and multi-junction solar cells, 

such as thin-film architectures, novel materials, 

nanostructures, and nanophotonics. The successful 

exploitation of these concepts may bring cost-effective 

and attractive options for next generation space solar 

cells.  In particular, QDs have potential impact on diverse 

aspects of space photovoltaics, such as improved current 

matching in multijunction cells by bandgap tuning [1] 

and enhanced radiation hardness [2]. However, a number 

of issues need to be solved in order to achieve high 

efficiency QD-based solar cells.  

In [3] we have shown through electrical simulations 

that the bandgap-voltage offset of QD solar cells (QDSC) 

operating in the thermal limit [4], i.e. with carriers 

undergoing full thermalization, is expected to be 

comparable to that one of III-V single-junction cells. In 

fact, the large degradation of the open circuit voltage 

(Voc) often observed in experiments is due to extrinsic 

loss caused by material quality issues. Of the same 

signature were the conclusions drawn in [5, 6] based on 

detailed balance arguments. Therefore, material 

optimization is a key task to demonstrate high-efficiency 

QDSCs. Moreover, the absorptivity of the solar cell must 

be substantially increased by suitable photon 

management approaches. In [3] we demonstrated doubled 

QD photocurrent by substrate removal through epitaxial 

lift-off and integration of a rear planar reflector. Much 

higher enhancement of the QD current is expected by 

implementing diffraction gratings within such thin-film 

architecture. 

 

2 METHODS 

 

2.1 Solar cell fabrication and characterization 

 The InAs/GaAs QD samples and solar cells were 

grown on p-GaAs(100) substrates using a V90 molecular 

beam epitaxy  (MBE) system. The GaAs-based layers 

were grown at 580 °C. Growth temperatures for InAs 

QDs and AlInP were 465-475 °C and ~490 °C, 

respectively. Thin GaAsP strain-balancing layers were 

also grown within the undoped GaAs barrier layers 

between the QD sheets.  

 6×6 mm2 solar cells were fabricated by dicing and 

using a shadow mask process for the front-side grid metal 

deposition in an electron beam evaporator. No anti-

reflection coating was deposited onto the cells. The 

electrical parameters of the solar cells were determined 

using light-biased current-voltage (I-V) and external 

quantum efficiency (EQE) measurements. 

2.2 Gratings fabrication and characterization 

 Grating prototypes were fabricated on double-side 

polished 350 m semi-insulating GaAs wafer by 

nanoimprint lithography (NIL). Being the substrate 

almost transparent at the QD wavelengths it provides a 

suitable platform to test the diffraction properties of the 

grating. The grating is patterned onto a commercial 

OrmoComp NIL photoresist by using an in-house 

fabricated Si master. In order to achieve the desired 

grating dimensions, the master was realized by a 

sequential optimized processing involving a first 

patterning step by electron beam lithography into a 

sacrificial Si wafer and a second one by NIL and dry 

etching onto the final Si master. From the master, the 

grating was then transferred to polydimethylsiloxane 

stamp and finally imprinted to the NIL photoresist. 200 

nm Ag was deposited on top of the polymer layer using 

electron beam evaporator. The fabricated grating has 

height of 700 nm and period of 2.5 µm, according to 

numerical optimization aimed at maximizing the 

diffraction efficiency at the QD wavelengths [7]. 

 The grating morphology was characterized with a 

scanning electron microscope (SEM). Specular and total 

reflectance were measured with a PerkinElmer Lambda 

1050 spectrophotometer which includes an integrating 

sphere module. To quantify the amount of the diffracted 

light, a variable angle measurement technique has been 

used, where the sample is illuminated with incident angle 

of 8°, and the diffracted light is collected at variable 

angles from 8° to 48° with an optical fiber connected to a 

spectrometer. This allows to quantify the grating 

diffraction efficiency as the ratio between the collected 

diffracted power and the incident power. For the grating 

under study this allowed to analyze diffraction orders of 

m=0 and m= ±1.  

2.3 Modeling 

 The solar cells were simulated using a drift-diffusion 



Poisson model coupled with a rate-equation model for the 

carrier processes involving the QD states (see the QD 

electronic structure in Fig.1) and charge transfer between 

QD states and the continuum bands. Such an approach 

allows for an accurate and detailed analysis of the solar 

cell physics and it is developed to be 

thermodynamic consistent [3, 8].  

 The grating structures were simulated using the 

rigorous coupled-wave analysis (RCWA) method with 

the RSoft DiffractMOD software (Synopsys). Material 

optical models are derived from the literature or –in the 

case of the QD stack – from optical or electro-optical 

characterization. In particular, the reported case study 

assumes a QD absorption coefficient estimated from the 

EQE measurement of a previous generation of fabricated 

QDSCs [3]. The absorbance spectrum was estimated 

from the absorbed photon density in the photoactive 

region only, and thus does not include absorption in the 

contact and metal layers. The corresponding QD 

photocurrent density can be estimated by integrating the 

absorbance over the solar spectrum of interest in the 895 

nm – 1200 nm range.   

 

3 RESULTS AND DISCUSSION 

 

QDSCs with deep-junction (DJ) and shallow-junction 

(SJ) configuration were designed and fabricated. As 

shown in Fig.2, in both cases, the multi-layer QD stack is 

placed in an intrinsic GaAs region next to the emitter-

base junction. The QD placement in the high field region 

ensures full carrier collection at short circuit. Fig.3 shows 

the calculated Voc for QD cells with nominal ground state 

(GS) emission at 1033 nm (Eg,GS =1.2 eV) and different 

arrangements of the QD stack as a function of the QD in-

plane density. Assuming realistic non radiative 

recombination loss in the GaAs interdot layers (SRH 

lifetime ~ 50 ns), Voc higher than 0.9 V is predicted. Non 

radiative recombination is minimized by shrinking the 

intrinsic region, provided that the material quality 

remains high. The achievable open circuit voltage 

decreases as the number of layers increase due to the 

increased radiative recombination through the QD states. 

Several solar cells with 10 and 20 QD layers– both 

with DJ and SJ configuration - were grown by MBE 

exploiting thin GaAsP strain balancing layers in the 

GaAs interdot layers. The QD in-plane density was 

estimated to be about 7×1010 cm-2. Depending on the 

device configuration, QDs showed photoluminescence 

(PL) peak between 1015 nm and 1040 nm, and wetting 

layer emission around 920 nm. More details about 

material characterization and External Quantum 

Efficiency measurements were reported in [9].  

Both DJ and SJ QDSCs showed only 40 mV Voc 

penalty with respect to their GaAs reference, comparable 

to that one reported by Bailey et al. [1] with metalorganic 

vapour phase epitaxy (MOCVD) growth. The highest Voc 

(0.94 V) was obtained for the SJ structure, which 

exhibited a fill factor of about 84 %. On the other hand, 

DJ cells suffered from slightly higher recombination in 

the thick emitter.  

 

 

(a) 

 

(b) 

Figure 2: (a) Schematic structure of the shallow and deep 

junction QD cells. (b) Corresponding energy band 

diagram at thermal equilibrium. 

 

 

Figure 1: QD electronic structure with the indication of 

the carrier processes involved in thermally-limited 

QDSCs. Eg,B, Eg,GS are the GaAs and GS bandgap energy, 

respectively. 

 



 

Figure 3: Calculated Voc as a function of the QD in-plane 

density for different configurations of the QD stack 

(number of layers and interdot spacing) for QDs with PL 

peak emission at 1033 nm.  

 

The measured Voc vs. PL emission wavelength for a 

wide set of fabricated samples is reported in Fig.4: as 

expected, the Voc decreases with the PL wavelength, i.e. 

with larger QD confinement. The measured values are in 

line with those expected from the GS transition energy 

(Voc=Eg,GS/q-Woc) [10], using for the bandgap-voltage 

offset (Woc) reference values for state-of-art thin-film 

(Woc=0.3 V) and wafer-based (Woc=0.4 V) GaAs single-

gap cells. A Voc - bandgap offset of 0.3 V was also 

reported in [11] for a collection of experimental data of 

high-quality QDSCs. The graph also shows the bandgap-

voltage offset as predicted under radiative limited 

conditions by the QD-corrected drift-diffusion model for 

a representative case of a 20 layers QDSC. Overall, the 

presented results demonstrate a high material quality of 

the fabricated devices.  

 

 

Figure 4: Experimental Voc values of several InAs 

QDSCs as a function of the PL peak emission 

wavelength. The black dashed lines indicate reference 

trends in terms of bandgap voltage offset in state-of-art 

III-V solar cells [10].The blue dashed line indicates the 

scaling law predicted by the QDSC physics-based model.  

 

 Light-trapping enhancement of the QD 

photocurrent may be pursued through a thin-film 

structure implementing a textured reflector in the rear 

side of the cell. The absorbance spectra reported in Fig.6 

for different configurations of the backside textured 

reflector highlight the remarkable absorption increase at 

the QD wavelengths: the achievable increase of the QD 

current with respect to a wafer-based configuration 

ranges from 4 to 7 depending on the material used for the 

grating fabrication: polymer (low index case study, n= 

1.5) or AlInP (high index case study).  

Different geometries and materials have been 

investigated and described in [12]. Fig.6 summarizes the 

results of the fabrication of pyramidal metal/polymer 

back reflectors. Experiments and RCWA simulations 

demonstrate high diffuse reflectance (Fig. 6 (b)) and 

efficient diffraction of light (Fig.6 (c)) in the QD 

wavelength range.  

 

 

Figure 5: Calculated absorbance spectra for a 

representative 20 layer QDSC with different photonic 

configurations. The corresponding enhancement of the 

short circuit current contribution from the QDs with 

respect to the wafer-based configuration is 1.6, 4, and 7 

for the planar reflector, low index pyramid grating and 

high index pyramid grating, respectively.  

 

4 CONCLUSION 

 

 In conclusion, QDSCs with the highest Voc ever 

reported for MBE grown QDs and Voc penalty in line 

with the state-of-art [2, 3] are demonstrated. Both DJ and 

SJ configurations show promising performance, enabling 

cell optimization for highest efficiency at beginning of 

life or for highest radiation hardness. Fabricated 

metal/polymer photonic gratings demonstrate significant 

potential for enhancing the QD current contribution. 

Numerical simulations [4] show that the presented 

advancements in the technology of QD growth and 

structures for photon management pave the way to the 

realization of thin InAs/GaAs QDSCs with target 

efficiency of 30% - AM1.5G (26% - AM0). The present 

study – regardless of the specific material system – is 

also of interest for intermediate band solar cells in 

concentrator photovoltaics [13]. Finally, the photonic 

gratings proposed in this work show promising 

performance and would be suitable for other photovoltaic 

technologies by proper optimization of the grating 

geometrical features to match the wavelength range of 

interest. 

 



 

(a) 

 

(b) 

 

(c) 

Figure 6: (a) SEM image of the pyramid grating. (b) 

Measured and simulated reflectance. The difference 

between the total and the specular reflectance represents 

the amount of diffuse light (the black double-headed 

arrows). In contrast, planar structures – not shown here – 

demonstrated marginal difference between total and 

specular reflectance. (c) Measured and simulated 

diffraction efficiency.  
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