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ABSTRACT 
 
Space electronic equipment, and NASA future exploration missions in particular, require improvements in solar cell 
efficiency and radiation hardness. Novel nano-engineered materials and quantum-dot array based photovoltaic devices 
promise to deliver more efficient, lightweight solar cells and arrays which will be of high value to long term space 
missions. In this paper, we describe issues related to the development of the quantum-dot based solar cells and 
comprehensive software tools for simulation of the nanostructure-based photovoltaic cells. Some experimental results 
used for the model validation are also reviewed. The novel modeling and simulation tools for the quantum-dot-based 
nanostructures help to better understand and predict behavior of the nano-devices and novel materials in space 
environment, assess technologies, devices, and materials for new electronic systems as well as to better evaluate the 
performance and radiation response of the devices at an early design stage. The overall objective is to investigate and 
design new photovoltaic structures based on quantum dots (QDs) with improved efficiency and radiation hardness. The 
inherently radiation tolerant quantum dots of variable sizes maximize absorption of different light wavelengths, i.e., 
create a “multicolor” cell, which improves photovoltaic efficiency and diminishes the radiation-induced degradation. 
The QD models described here are being integrated into the advanced photonic-electronic device simulator NanoTCAD, 
which can be useful for the optimization of QD superlattices as well as for the development and exploring of new solar 
cell designs. 
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1. INTRODUCTION 
 
In the high-radiation open space environment the solar cells suffer from degradation, which depends on the materials 
and particular design of the photovoltaic cells (Figure 1). Despite previous studies of the performance of solar cells in 
the radiation environment [1, 32, 37], the exact mechanisms of the radiation-induced degradation have not been 
accurately established. Substantial work has been performed on the radiation hardening of the space electronics while 
much less attention has been devoted to the solar arrays, which are crucial to the operation of an entire spacecraft.  
 
The issue of the solar cell radiation hardness can be addressed at a number of levels. One possible approach is to use 
improvements in the material quality, design, or manufacturing process for incremental enhancement of the radiation 
hardness of the solar cells fabricated with conventional technology. Our current approach is based on recent 
nanotechnology breakthroughs, which led to emergence of the quantum dot superlattice (QDS) structures. QDS 
structures offer additional degrees of freedom in tuning the photon absorption and the photogenerated carrier transport 
through the effects of quantum confinement and spatial confinement of the phonon modes. The theoretical studies 
predicted a potential solar cell efficiency of around 63%, which is approximately a factor of two better than any state-
of-the-art devices available today [4, 38]. The joint CFDRC and UC-Riverside group is currently developing a 
comprehensive software tool, which would allow to design and optimize QDS and other nanostructures for increasing 
the efficiency and radiation tolerance (Figure 2). The availability of such tool is important for guiding the experimental 
developments and achieving faster progress in the solar cell technology. 
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The semiconductor quantum dots (QDs) are expected not only to improve the photovoltaic (PV) efficiency, by 
expanding the spectral response of the individual cells, but also the radiation tolerance. The inherently more radiation 
tolerant QDs can be used to take advantage of the thermal assist in the carrier generation. This is important owing to the 
attempts of increasing the array-specific power with the new concentrator designs and continuing expansion of the 
range of environments to be encountered in future missions. 
 

 

Figure 1.  Solar cells, which are the basis of the power supply systems in space, degrade under the space radiation 
environment depending on the materials and design of the photovoltaic (PV) cells (right plot shows a typical 
degradation trend, after [32]). 

 

The reported observations for several optoelectronic devices with QDs in the active area show the increased radiation 
tolerance. For instance, is has been demonstrated [29] that QD-based structures are inherently more radiation tolerant 
due to the effects of three dimensional quantum confinement. An increase in the radiation hardness of as much as two 
orders of magnitude has been obtained by comparisons with the quantum wells of the same composition and placed at 
the same depth in the structure [29].  
 
 

 
  (a)       (b) 

Figure 2.  Schematic structure of the PV cell based on the quantum dot superlattice (QDS), which is used 
as a prototype for the development of the PV cell simulation tools. The structure contains a stack of 
multiple quantum-dot arrays with the variable dot size, which maximizes absorption of the different light 
wavelengths in a controllable way, i.e., creates a “multicolor” cell.  The inset shows another possible design 
– a multiple junction cell. 

 
The modeling-based optimization of the nanostructured materials and devices is crucial for the development of novel 
solar cells. This requires reliable computer modeling tools for analysis, performance estimation, and optimization, 
which includes the simulation of the charge carriers, phonon states, electron – phonon scattering rates and photon 
absorption in semiconductor nanostructures. Currently, there are no professional, reliable software tools available for 
this purpose despite the fact that incorporation of nanoscale physical phenomena in a proper way is essential for the 
design optimization of such quantum devices. 
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The advantages of the solar cells nanotechnology, which can be developed with the help of the modeling-based 
nanostructure optimization, include the following. The QD solar cells can be much more efficient than the traditional 
multi-layer solar cells resulting in the increased capacity of the solar array at the beginning of life (BOL). The increased 
BOL capacity will compensate for the degradation (including the radiation from natural and man-made sources), so that 
the end of life (EOL) capacity will also increase. The QD structures are inherently more radiation tolerant (with 
predicted increase in the radiation hardness of as much as two orders of magnitude compared to the quantum-well 
structures). The fine-tuning of the charge carrier transport in nanostructures using the confinement effects can lead to 
further enhancement of the efficiency and radiation hardness. At the same time, the theoretically predicted 
improvements in PV technology can be implemented only if the nanostructures are optimized. Thus, the computer 
modeling tools, which include simulation of the carriers, confined acoustic and optical phonons and photon absorption 
in semiconductor QDS, are essential for PV nanotechnology development. 
  

2. PHYSICAL MODELING OF THE QUANTUM DOT PHOTOVOLTAIC CELLS 
 
As a prototype structure for the modeling-based optimization we consider QDS-based PV cell (see Figure 2). The basic 
element of this PV cell is a stack of quantum dots arrays, referred to as QDS. The QDS can be implemented on Si/Ge or 
other material systems including III-Vs group materials such as GaAs. The QDS forms an intrinsic layer in a regular n-
i-p (p-i-n) solar cell configuration. Quantum confinement of charge carriers (electrons and holes) in variable-size 
quantum dots, which form the i-layer, increases the effective band gap of the material and improves the absorption 
characteristics of the material system. The increased oscillator strength of the inter-band transitions due to size effects 
and modified density of states allow one to enhance light absorption and, potentially, the PV efficiency. The vertical 
arrangement of quantum dots, i.e., one on top of the other one, small inter-dot distance, crystallinity of the material and 
absence of defects present in conventional amorphous-silicon (a-Si) PV cells, allow one to maintain a high electric 
conductivity. The latter, together with the optimized µτ product in the growth direction (here µ is the carrier mobility, 
and τ is the carrier recombination lifetime), is expected to lead to the enhanced PV performance. The quantum dot size 
variation allows one to optimize absorption at different wavelengths and create a multicolor quantum PV cell with 
estimated efficiency greater than 40%. 
 
The practical realization of this nanostructure-based PV cell depends on the successful computer-aided optimization of 
the structure parameters and solution of a number of technological problems. Some of the addressed problems are (i) 
finding the optimum match between the electron (hole) diffusion length and the thickness of the p (n) region; (ii) 
calculation and measurement of the mean optical penetration depth and electrical conductivity in QDS structures; and 
(iii) low-cost fabrication of the high-quality QDS with the low defect densities and desired dot regimentation. Since the 
proposed structure is drastically different from the conventional PV cells, based on amorphous-silicon (a-Si), crystalline 
silicon (c-Si), or nanocrystalline silicon (nc-Si), the known characteristic values of the PV cell parameters are not be 
valid in this case and cannot be used in the modeling.  
 

2.1. Rationale for the QD Photovoltaic Cell Concept   
 
It has been shown that utilization of the nanocrystalline silicon (nc-Si) as an intrinsic layer in thin film n-i-p solar cells 
can bring about significant improvement of the efficiency [11, 21]. The improvement has been attributed to the quantum 
confinement of carriers, which leads to the increase of the effective band gap, and allows one to achieve strong 
absorption in nc-Si. At the same time, disorder and many structural defects characteristic to nc-Si and a-Si materials 
lead to large densities of recombination centers that hamper the operation of photovoltaic cells. Many defects, e.g., 
dangling bonds, weak bonds, and other trapping centers, which are present in disordered materials such as nc-Si or a-Si 
do not allow one to fully utilize benefits of quantum confinement of carriers and other low-dimensional phenomena. 
The QDS-based PV cells can avoid problems typically associated with disordered a-Si or nc-Si materials, yet allow one 
to use the benefits of quantum confinement. These benefits can be realized through improvements in a number of 
processes as summarized below. 
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2.2. Principle of the QD Photovoltaic Cell Operation 
 
In its simplest form the quantum dot photovoltaic (QDPV) cell consists of a single-junction n-i-p cell with the structure 
similar to the currently used microcrystalline silicon (mc-Si:H) thin-film cells or a-Si cells. The principal difference and 
novelty lie in the design of the intrinsic layer (i-layer, Figure 2). The i-layer utilizes QDS, with the vertical correlation 
of the dot positions and variable dot size. MBE self-assembly technique can be used to fabricate prototype QD 
photovoltaic structures with the following features: (i) the stack of up to 100 quantum dots arrays with the layer 
thickness W = 10 nm to 50 nm each; (ii) the dot size is variable from 4 nm to 40 nm; (iii) the dot shape is intermediate 
between the sphere and disk-like; and (iv) the thickness of the active layer (top n-type layer and i-layer) kept at ~ 1 µm. 
The parameters of the growth process can be adjusted in such a way that the dot position in each consecutive layer is 
correlated with the dot site in the previous layer; the dots grow on top of each other. Moreover, the size of the quantum 
dots in each consecutive layer is slightly bigger than in the previous one, and the effective band-gap is correspondingly 
smaller (see Figure 3). Such variations in size and vertical site correlation are achieved using the Stravinski-Krastanov 
MBE growth mode with specially chosen conditions (temperature, deposition rate, etc.). The quality and crystallinity of 
quantum dots can be very high [30]. 
 
 

 

 

 

Figure 3. Schematic of the band structure and 
quantum-dot layers system arrangement 
along vertical line AA’. Confinement of the 
electrons (holes) in the semiconductor 
quantum dots increases the oscillator strength 
of the transitions between the electron (hole) 
states and the continuum electron (hole) 
states, thus enhancing the absorption. The 
different dots sizes lead to maximizing the 
absorption at the different energies (photon 
wavelength): Eh1 transition energy (effective 
bang-gap) is smaller for dot N than for dot M. 
Photogenerated holes and electrons are swept 
by the built-in field and collected by the 
corresponding contacts. The electron (hole) 
current consists of the continuum state 
component and the tunneling (below-the-
barrier) component due to the barrier wave-
function overlap between the confined states. 

 
 
Based on the preliminary investigation at UCR NDL, it is expected that the diffusion length in the cross-plane direction 
of Si/Ge QDS is on the order of 1 µm [9], larger than that for nc-Si and mc-Si. Thus, the drift-assisted collection of the 
photogenerated carriers through the photovoltaically active intrinsic QDS layer is possible. The n-i-p structure can be 
replaced with a p-i-n structure, depending on the performance and technological considerations. The proposed scheme 
has been extended to a more complicated multiple-junction design (Figure 2, inset), which is expected to have even 
higher efficiency. 
 
Figure 3 illustrates the band structure and optical transitions between the confined valence and continuum conduction 
band states. In Ge QDs grown on Si (100), almost all the band-gap offset goes to the valence band, although one can 
introduce a conduction band offset by growing part of the structure on SiC substrate so that Si layers are under tensile 
strain. In InAs QDs grown on GaAs the band offset splits between the conduction and valence bands. In the considered 
design, a conventional transparent conductive oxide (TCO) for the PV cell is used. ZnO or doped SnO2 fabricated by 
various methods such as low pressure CVD or sputtering are compatible with proposed MBE grown QDS structure. The 
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use of ZnO is preferable since it offers superior transparency and higher chemical stability. The two important physical 
phenomena affecting PV-cell performance, which are incorporated into our modeling, are described below. 
 

2.3. Analysis of Light Trapping and Absorption 
 
One of the important advantages of the QDS PV cell, as compared to the bulk material PV cell, is the light trapping and 
absorption ability that comes with nanostructured material. The layer of QDs with the feature sizes smaller than the light 
wavelength serves as an effective scatterer, which helps in trapping the incident light (see Figure 4). The incident light 
wave scattered by the inside layer of quantum dots is then repeatedly scattered by the adjacent layers, gets trapped and 
eventually absorbed. The strength of optical transitions is determined by the inter-band dipole matrix element (|ercv|2), 
the electron-hole (e-h) envelope function overlap, and the joint density of states [51]. The quasi-3D quantum 
confinement in QDs increases the electron-hole wave-function overlap as well as the density of states (DOS), thus 
leading to stronger absorption and more effective photogeneration of carriers. The process of the initial light trapping is 
somewhat similar to the one in PV cells with rough back reflectors and TCO/a-Si interface but it is more effective due 
to the presence of multiple layers of QDs. Other factors, which may lead to the improvement of the light trapping, are 
the high reflectance of the doped substrate and rear metal contact as well as low absorption at the glass coating – TCO 
interface (see Eq. (1)). One should also mention that the nanostructure-based PV cell does not require texturing for 
improving the light trapping, thus reducing one extra fabrication step. 
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Figure 4.  Illustration of the light trapping 
mechanism in a QD PV cell. The incident light is 
scattered by multiple layers of quantum dots, 
reflected, trapped inside cap layers, and eventually 
absorbed. 

Figure 5. Calculated effective band-gap of the QD 
layers, e.g. the energy of the transition 1e-1h, as a 
function of the dot size. The controlled dot size variation 
allows one to cover the entire PV-important light 
frequency range.  

 
 

3. ACHIEVING THE HIGH PV-CELL EFFICIENCY 
 
The ultimate goal of the PV cell design is to maximize the efficiency η = Pm/PI (where Pm is the maximum power and 
PI is the power of the incident light) of the cell and the solar power module.  The standard equation for the PV cell 
efficiency can be written as  
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Here the first set of brackets […] represent the loss by the long wavelengths, e.g. photons with energies P(λ) less than 
the effective band-gap; the second […] is the loss by the excess energy of the photons that dissipates as heat. The third 
[…] is the loss by the metal coverage and the fourth is the loss by the reflection. R is the reflection coefficient, ηd is the 
loss by the incomplete absorption, ηcoll is the loss due to the recombination, which is related to the collection efficiency. 
The last two terms are the voltage factor and the fill-factor FF. It is clear that some of these factors, particularly those 
related to the absorption, recombination and reflection, can be directly enhanced by quantum confinement in the QDS i-
layer. The tuning of the effective band-gap (transition energy between the first confined hole level 1h and the first 
electron level 1e) via the dot size can be done in a very wide range (see Figure 5). The controlled QD size variation 
allows one to cover the PV-relevant light frequency range and tune to the optimum band gap for a given set of 
parameters. As described by [20] the alloy composition variation (for example in SixGe1-x system) provides additional 
degree of EG control. 
 
It has been shown theoretically [8] that formation of mini-bands in QDS would have tremendous effect on the charge 
carrier transport in such structures with consequences for the electronic, photovoltaic and thermoelectric applications. 
Indeed the mini-band transport regime is characterized by much greater mobility than the electron hopping or single dot 
tunneling regimes. Optimization of the mini-bands, i.e. increasing the mini-band width along certain directions, 
achieving desired carrier effective mass, etc., may lead to further increase of the PV efficiency. The enhancement of the 
PV efficiency up to ~70% has been predicted while considering different energy conversion mechanisms [4, 31, 12], 
[17, 33]. It was pointed out that the mini-band formation may help in two ways: achieving the sub-gap absorption [4] 
and improving the carrier transport, correspondingly increasing the collection efficiency. The PV modeling software has 
to be able to capture both mechanisms essential for the PV cell efficiency enhancement. The comprehensive 
NanoTCAD-based device simulator, which we develop, uses 3D theoretical models for QDS described in [26, 27]. The 
model developed in Balandin group has been used for simulation of the carrier transport in Si QDS PV structures by the 
leading photovoltaic researchers, e.g. Green group in Australia [13].   
 
 
3.1. Conditions for Mini-Band Formation in QDS 
 
There have been a number of proposals of the solar cell applications of QDs [6, 7, 38]. The exact mechanism of the PV 
efficiency enhancement varies in different proposals. The assessment of the photovoltaic efficiency requires 
understanding of the absorption and carrier transport in these nanostructured materials. Physical properties of individual 
semiconductor QDs have been extensively studied both theoretically and experimentally [51]. The effects of the size, 
shape, strain fields, Coulomb interaction and dielectric screening on electronic states and optical response of individual 
quantum dots are addressed in literature in sufficient detail [9, 10, 30]. In a simplified picture, transport properties of 
arrays of weakly coupled quantum dots can be described in terms of hopping conduction, while optical response is 
defined by the energy spectrum of individual dots and inhomogeneous broadening due to the size distribution. For PV 
cell applications a more interesting case is strongly couples QDs with small inter-dot distance QDS. Regimentation, i.e., 
ordering of QDs in one or mode directions, makes the structure even better. Based on our analysis, the best PV cell 
operation can be achieved when the strong inter-dot coupling with substantial wave function overlap among the dots 
leads to the formation of two-dimensional (2D) or three-dimensional (3D) extended mini-bands instead of localized 
electronic states. Such energy spectrum modification is expected to take place provided that (i) the periodicity of QDs in 
the array is very high; (ii) the QD size is rather homogeneous; (iii) the inter-dot distance is small; and (iv) the dots are 
crystalline and with relatively low surface defect concentration.  One should note here that the term “quantum dot 
superlattice” (unlike the term “quantum well superlattice”) does not imply perfect periodicity of quantum dots. 
Conventionally it only implies periodicity in layers of quantum dots but does not make an assumption about the in-plane 
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quantum dot distribution. Thus, in the discussion below we will use the term “regimented” QDS when we want to 
emphasize the periodicity of the dot distribution within each layer [Lazarenkova and Balandin, 2002].    
 
Literature analysis shows that regimented or partially regimented 2D and 3D QDS have been fabricated by a variety of 
techniques [5, 30, 36, 43]. Electrochemically self-assembled 2D arrays of quantum dots in alumina templates are 
characterized by high degree of periodicity but by little wave function overlap [7]. Multiple arrays of Ge dots on Si 
grown by molecular beam epitaxy (MBE), on the other hand, are good candidates for mini-band formations although the 
dots in these structures are only partially regimented [30, 36]. A successful synthesis of 3D regimented QDs has also 
been reported [41, 42]. Regimentation, i.e. spatial site correlation in such structures, along all three directions brings an 
analogy with bulk crystals. In these artificial crystals the role of atoms is played by the quantum dots. Our preliminary 
study and data reported in literature indicate that the mini-band formation can be achieved in QD arrays, which are far 
from being absolutely perfect in terms of the surface quality and size dispersion. For example, Artemyev et al. [2, 3] 
demonstrated experimentally an evolution of the electron states from the individual to mini-band states in a dense QD 
ensemble that consisted of small CdSe dots with the average radius of R ~ 1.6 nm – 1.8 nm. Song et al. [40] investigated 
in-plane photocurrent in self-assembled InGaAs/GaAs QD arrays. They have reported that samples with 
inhomogeneous QD sizes show hopping conduction indicating the localization of carriers in individual dots, while the 
ordered and size-homogeneous QD arrays exhibit negative differential conductance that has been attributed to the 
carrier energy mini-band formation [27].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 6 we present the results of the calculations of the electrical conductivity in InAs/GaAs QDS suitable for PV 
cell applications performed using the model developed in [26]. The calculations have been carried out under the 
assumption of the mini-band formation. The carrier mini-bands have been determined from the solution of the 
Schrödinger equation [27]. The results are presented as a function of the inverse temperature in order to facilitate the 
comparison with the measurements. The results of the simulation are in good agreement with available experimental 
data [9, 10, 49, 50].  
 

3.2. Experimental Investigation of Carrier Transport in QDS  
 
Figure 7 shows an SEM image of the GeSi/Si QDS, which was characterized at UCR in order to establish the nature of 
the carrier transport in such structures: band conduction type vs. hopping type. The obtained experimental data indicates 
that the Hall mobility is on the order of 150 cm2/Vs – 300 cm2/Vs at room temperature. The mobility values increase 
with decreasing temperature. The relatively high values of the mobility and its temperature dependence allowed us to 
conclude that the carrier transport is of the band conduction type (with mobility following the µ ~T-3/2 law) rather than 
the electron (hole) hopping type with the electrical conductivity following the G~Goexp{-(To/T)x} law (see Figure 8). It 

Figure 6. Simulated electrical conductivity (left 
axis) in InAs/GaAs QDS as a function of the 
inverse temperature. The right axis allows one to 
track the energy change:  E111 denotes the edge 
of the lowest mini-band for the electrons in the 
conduction band while EF indicates the position 
of the Fermi level. The calculations based on the 
model developed by Lazarenkova and Balandin 
[26] are in good agreement with experimental 
data reported BY Yakimov et al in [49,50].  
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is still an open question if this is a true mini-band transport or above-the-barrier transport due to the thermally excited 
carriers or the carrier band transport through the wetting and barrier layers [10].    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. RADIATION HARDNESS OF QUANTUM DOT STRUCTURES 
 
The results of our preliminary research and analysis of the available data on the radiation hardness of solar cells indicate 
that the radiation tolerance of the QD-based solar cells can be up to two orders of magnitude higher than that of the 
conventional solar cells. Although the exact mechanism of the radiation hardness improvement in nanostructured 
materials is not known yet, there have been a number of reports on the optoelectronic devices with QDs in the active 
area, which demonstrated the increased radiation tolerance [16, 19, 22, 29, 34, 35]. Klimeck [24] suggested that QDs 
offer an attractive radiation hard solid state technology for the sensor applications important for future space missions. 
In [39] the influence of the 2 MeV electron irradiation on the photoluminescence from InAs/GaAs QD and quantum 
well (QW) structures has been compared. A superior radiation hardness of the QDs has been established and attributed 
to the different influence of the defects created inside the QWs and QDs and in the adjacent GaAs barrier within the 
tunneling distance. 
 
Some of the fundamental properties of QDs suggest that optoelectronic devices incorporating QDs could tolerate greater 
radiation damage than other heterostructures [29]. One of them is based on a simple geometrical argument: the total 
volume percentage of the active QD region is very small. Specifically, in the self-assembled InGaAs/GaAs QDs the 
surface coverage range from 5% to 25% depending on the growth conditions [28]. Therefore, the chance of finding the 
radiation-induced defects in the active region is reduced. In addition, the exciton localization in QDs due to 3D 
confinement (InGaAs dots have an average 5 nm height and 25 nm diameter) reduces the probability of the carrier non-
radiative recombination at the radiation induced defect centers. In [29], the authors compared the optical emission from 
InGaAs QW and QD structures after the controlled irradiation with 1 MeV protons. The experiment has shown the 
improved radiation hardness of QDs. These results [29] have been interpreted in such a way that QD structures are 

Figure 8: Experimental data on the room temperature 
Hall mobility measurements in GeSi/Si QDS 
conducted at UCR. The results are shown for the three 
different locations of the delta-doping: inside the 
quantum dot layer (marked with rectangulars); inside 
the barrier layer (marked with circles) and inside the 
wetting layer (marked with triangulars). Hall mobility 
is on the order of 150 cm2/Vs. The mobility values 
increase with decreasing temperature (1600 to 3000 
cm2/Vs at 77K).  

Figure 7 : SEM micrograph of the prototype GeSi/Si QDS. 
Experimental mobility data measured for this QDS was used 
for the theoretical model and simulation tool validation.  
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inherently more radiation tolerant due to the effects of 3D quantum confinement. An increase in the radiation hardness 
of as much as two orders of magnitude has been observed by comparisons with QWs of the same composition and 
placed at the same depth in the structure. 
 
The radiation effects in polymer photodetectors (PPD) using InP QDs, and the role of nanostructures and QDs in PPD 
and solar cells have been studied by Taylor et al. [44, 45]. Pre- and post- irradiation responses of electrostatically self-
assembled (ESA) grown polymer detectors using InP QDs have been examined for photovoltage degradation and aging. 
The data indicates an excellent potential for developing polymer based photonic devices with increased radiation 
resistance suitable for transition to photonic space applications, compared to devices without QDs, studied in [46, 47]. 
 

5. NanoTCAD - INTEGRATED SOFTWARE TOOLS FOR QDS-BASED PV APPLICATIONS 
 
The PV-related models discussed above are being integrated within the advanced software tool NanoTCAD, which is a 
3D device simulator developed and commercialized by CFD Research Corporation [14]. This integration provides a 
user-friendly interface and a large database of the semiconductor material properties available in NanoTCAD. It also 
makes possible a complete PV-cell simulation including both quantum and classical models for the appropriate PV-cell 
elements, both DC and transient regimes, etc. The models are currently being extended to incorporate simulation of the 
electron-phonon transport in QDS made of semiconductors with both cubic and hexagonal crystal lattice, e.g., 
InAs/GaAs, Ge/Si, CdSe, ZnO. The NanoTCAD with PV feature will be used to accurately simulate electron (hole) and 
exciton states, phonon dispersion and absorption coefficients in superlattices with the arbitrary dot shape as well as in 
other nanostructured materials. The material properties database is being extended to include new ones, which are 
important for the space solar cells. To account for the effects of extreme environments (temperature effects and space 
radiation) on the QDS-solar cell, the coupled solution for all physical phenomena (quantum carrier transport, phonon 
transport, drift diffusion model and thermal model) is implemented within NanoTCAD. This new modeling and 
simulation tools will help to better understand and predict behavior of nanostructured solar cells, nano-devices and 
novel materials in space environment, and reduce the amount of testing cost and time. 
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Figure 9.  Sample results of  CFDRC 3D simulations of space radiation effects (in this case: an ion strike, called single 
event) in nano-scale semiconductor devices: a 3D ion-track model (left), current flow vectors and electron density (color 
map) at t = 2 ps after ion strike (middle), and computed currents of the off-transistor for two different ion strikes (right).  

 
An example of our 3D simulation of the space radiation effect on semiconductor device is shown in Figure 9. The 
software allows to capture features of a single ion strike and predict the device performance depending on the total 
radiation dose and the dose-rate. CFDRC has developed an adaptive dynamic 3D mesh generation capability to allow 
complex, multi-branched track data generated by Vanderbilt University's Geant4-based Monte-Carlo Radiation Energy 
Deposition (MRED) [25, 52] simulations to be incorporated into NanoTCAD [15, 48] for performance of transient 
device response simulations (see Figure 10).  
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Figure 10. Adaptive 3D mesh refinement in the vicinity of the radiation event tracks is shown in the different plane 
cross-sections; (b) Radiation event in p-n diode (4 x 4 x 4 µ m3). Snapshots of 3D distribution of the local hole density 
log(p),  for t = 0.8 ps. The isosurface shows the level of p = 106 /cm3. 

 
 
The NanoTCAD simulator demonstrates an efficient use of computer memory and CPU time for large 3D problems. As 
an example, NanoTCAD simulator can solve a transient 3D multi-branched ion strike problem with 100,000 nodes 
mesh (300,000 unknowns) on a laptop with 512 MB memory.  The memory size and CPU time depend almost linearly 
on the number of mesh nodes. Figure 11 shows a typical dependence of total memory and CPU time for NanoTCAD 
simulations of 3D devices using unstructured meshes.  CFDRC NanoTCAD can solve a problem with 3D unstructured 
mesh for up to 500,000 nodes within 2GB memory. 
 
 

 
Figure 11. Total NanoTCAD simulator performance for modeling 3D devices: memory, solid curve with diamonds (in 
MB), and CPU time, solid curve with circles (in seconds, per Newton iteration) versus number of mesh nodes. One can 
see that the dependence is almost linear for both memory and CPU time, and close to theoretical estimate for the CPU 
time (dashed green curve).  
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6. CONCLUSIONS 

 
We have outlined issues and problems encountered in the development of the quantum-dot based solar cells and 
comprehensive software tools for simulation and optimization of the nanostructure-based photovoltaic materials. Some 
experimental results used for the model validation have been reviewed. The novel modeling and simulation tools for the 
quantum-dot-based nanostructures will help to better understand and predict the behavior of the nano-devices and novel 
materials in space environment. We specifically discuss how the new models for the charge carrier transport in the 
quantum dot superlattices are integrated into the advanced photonic-electronic device simulator NanoTCAD.  
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