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SolarDesign (https://solardesign.cn/) is an online photovoltaic device simulation and design platform that provides
engineering modeling analysis for crystalline silicon solar cells, as well as emerging high-efficiency solar cells such as
organic, perovskite, and tandem cells. The platform offers user-updatable libraries of basic photovoltaic materials and
devices, device-level multi-physics simulations involving optical—electrical-thermal interactions, and circuit-level compact
model simulations based on detailed balance theory. Employing internationally advanced numerical methods, the platform
accurately, rapidly, and efficiently solves optical absorption, electrical transport, and compact circuit models. It achieves
multi-level photovoltaic simulation technology from “materials to devices to circuits” with fully independent intellectual
property rights. Compared to commercial softwares, the platform achieves high accuracy and improves speed by more than
an order of magnitude. Additionally, it can simulate unique electrical transport processes in emerging solar cells, such as

quantum tunneling, exciton dissociation, and ion migration.
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1. Introduction

Solar cells directly convert solar energy into electrical
energy, playing a crucial role in addressing the energy crisis
and adjusting China’s energy structure for sustainable devel-
opment. Currently, the share of photovoltaic power in China’s
energy mix is relatively low, with silicon-based cells domi-
nating the market. However, further reducing the cost of sil-
icon cells while enhancing their photoelectric conversion ef-
ficiency has encountered significant challenges. Therefore,
the development of emerging solar cells based on new ma-
terials and structures, such as organic, perovskite, and tan-
dem cells, is strategically important for improving the energy
conversion efficiency, reducing industrial costs, and advancing
photovoltaic technology.

Solar cells host diverse materials and device structures,
complex surface/interface charge interactions, and varying
carrier transport mechanisms, for instance, in silicon cells,
carrier quantum tunneling;!! in organic cells, exciton diffu-
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sion and dissociation;? and in perovskite cells, ion migration
and accumulation.!®* These differing charge transport pro-
cesses introduce new scientific challenges and issues regard-
ing the device efficiency, stability, and measurement standards.
Conducting “optical—electrical-thermal” multi-physics simu-
lations to develop universal and specific theoretical models,
together with accurate and fast simulation methods is crucial.
The simulations (involving models and methods) aid in un-
derstanding device physics, optimizing designs, establishing
standard testing platforms, and strengthening the photovoltaic
industry by providing solid theoretical foundations and reli-
able simulation tools.

Existing commercial softwares such as COMSOL,D!
Silvaco, ! and Lumerical FDTD!”! can only model traditional
silicon and III-V material photovoltaic devices. They lack
specialized models for emerging solar cell technologies, and
they suffer from low computational efficiency, high price, and
expensive annual updates. Online photovoltaic educational
platforms like PVLighthouse!®! and PVEducation®! offer lim-
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ited coverage of the working principles, theoretical models,
and simulation methods for emerging photovoltaic devices.
With China’s photovoltaic industry approaching a trillion-
dollar valuation, there is an urgent need to develop a simu-
lation design platform with completely independent intellec-
tual property. Establishing such an online platform with a
cloud service architecture and making it accessible to univer-
sities, research institutes, and companies are of significant im-
portance for strengthening the foundational research in photo-
voltaics and enhancing the quality of photovoltaic talent de-
velopment.

2. Function

The SolarDesign platform (https://solardesign.cn/) is an
online simulation platform developed collaboratively by China
Three Gorges Corporation, Zhejiang University, and Jilin Uni-
versity to serve the photovoltaic research and industry. It
is suitable for engineering modeling and analysis of various
photovoltaic devices, including traditional silicon cells, as
well as new high-efficiency solar cells such as organic, per-
ovskite, and tandem cells. The platform features: (i) updatable
database including cloud libraries of fundamental photovoltaic
materials and devices; (ii) multi-physics simulation including
“optical—electrical-thermal” device-level modeling; (iii) com-
pact model simulation including circuit-level modeling based
on detailed balance theory.

Specific functions are described in detail: (i) optical sim-
ulation including optical power absorptance and reflectance,
exciton/carrier generation rate, planar and textured surface
designs, and incident light spectrum matching (Solar AM
1.5G and user-defined spectra); (ii) general electrical re-
sponse simulation including current density—voltage (J-V)
curve, characteristic parameters, electric potential, carrier
concentrations/current densities, energy band diagram, and
non-radiative recombination; (iii) specialized electrical re-
sponse simulation including exciton diffusion and dissocia-
tion for organic cells, ion migration and accumulation for
perovskite cells, as well as hot electron emission and quan-
tum tunneling for tandem cells and tunnel oxide passivated

contact cells; (iv) circuit simulation including diode equa-
tion based traditional model (i.e., short-circuit current, dark
current, ideality factor, series and shunt resistances five-
parameter model), detailed balance theory based new model
(i.e., bulk/surface/Auger nonradiative dark currents, series and
shunt resistances five-parameter model), and device efficiency
bottleneck analyses (i.e., quantitative analyses of optical loss,
three types of non-radiative recombination losses, and Ohmic
losses); (v) material library covering silicon, III-V/II-VI ma-
terials, organic, and perovskite halides with material parame-
ters of bandgap, complex refractive index, optical absorption
coefficient, optical transition intensity, exciton binding energy,
carrier effective mass, dielectric constant, electron affinity, and
metal work function; (vi) device simulation library covering
various types of solar cells; (vii) additional features such as
cloud-based material and device library processing, distributed
multi-user concurrent computing, dynamic display of simula-
tion results, intelligent graphical user interface, advanced tech-
nical forum, and video tutorials and help.

To show the advantages of SolarDesign, Table 1 compares
the functions of different photovoltaic simulation platforms.

Table 1. Functions of different photovoltaic simulation platforms.

Exciton Ton Bottleneck

Name . L. L Tunneling Libraries
dissociation migration analyses
Quokka3 no no yes no no
PC1D no no no no no
SCAPS no no yes no no
IonMonger no yes no no no
DriftFusion no yes no no no
SolarDesign yes yes yes yes yes
3. Method

The platform has achieved cross-scale photovoltaic simu-
lation analyses at three levels: materials, devices, and circuits.
Table 2 lists the scale ranges, theoretical equations, basic al-
gorithms, and interface parameters for different levels of sim-
ulations. More technical details can be found in the following
parts.

Table 2. Cross-scale photovoltaic simulation at three levels.

Levels Scales Equations Algorithms Interface parameters
Circuit | um detailed balance theory, diode modified nodal analysis, series resistance, shunt resistance,
H equations, Kirchhoff’s laws Newton’s method ideality factor, dark currents
. Maxwell’s equations, drift-diffusion finite difference, finite
Device ~ 10 nm . . . J-V curve, key parameters
model, specific electrical models element, finite volume
. . . lane-wave pseudopotentials, projected dielectric constant, refractive index, electron
Material ~1nm density-functional theory p P P proJ

augmented-wave pseudopotentials

affinity, bandgap, effective mass

3.1. Material simulation

To calculate physical properties of photovoltaic mate-
rials, first-principles calculations are performed within the
framework of density-functional theory (DFT)'% using the

plane-wave pseudopotential method as implemented in the
Vienna Ab initio Simulation Package.!!!'?! The electron—
ion interactions are described by using the projected aug-

mented wave pseudopotentials.!'>] We adopt the general-
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ized gradient approximation formulated by Perdew, Burke,
and Ernzerhof as exchange—correlation functional.l'*! The
Heyd-Scuseria—Ernzerhof functional is then used for the

[15.16] Structure optimization is achieved

bandgap correction.
using the conjugate gradient technique until energies con-
verge to 10~* eV. For organic semiconductor materials, we
construct structurally ordered molecular crystals, taking pe-
riodic boundary conditions into account during the calcula-
tions. The hybrid perovskite materials with specific alloy
compositions are simulated by constructing supercells, and
for the chemical compositions that cannot be directly simu-
lated, we use Vegard’s law to fit the properties. To properly
take into account the long-range van der Waals (vdW) interac-
tion that is non-negligible for hybrid perovskites involving or-
ganic molecules, the optB86b-vdW functional is adopted.!!”!
The process of DFT-based calculations and analysis of the cal-
culated results are carried out using our in-house developed
codes, the Jilin artificial intelligence-aided material design in-
tegrated package.[!%-1%]

The calculated physical properties include bandgap, work
function, electron affinity, dielectric constant, electronic band
structure, density of states, effective mass, exciton binding en-
ergy, optical absorption spectrum, complex refractive index,
and optical transition intensity. Most of these properties can be
obtained through electronic structure analysis. Optical prop-
erties can be derived from the frequency-dependent dielectric
function,?! exciton binding energy is calculated using the hy-
drogenic model,”!! and optical transition intensity is propor-

tional to the square of the transition dipole moments.

3.2. Optical simulation

To calculate optical (absorption) properties of photo-

voltaic devices, mode-matching methods!>?!

are applied. Elec-
tromagnetic fields at each layer of the multi-layer device struc-
ture are expanded as plane waves, and Maxwell’s equations
are solved using the continuity conditions for the tangential
components of the electric and magnetic fields. Furthermore,
the generation rate!?3! is calculated based on the electric field
distribution in the active layer, the corresponding complex re-
fractive index, and the incident light spectrum. Additionally,
for textured surfaces, we use the 4n2 (Yablonovitch) absorp-
24,25

tion limit[>*#231 and set the texture factor ranging from 0 to 1,

with 1 indicating the 4n” absorption limit.

3.3. Electrical simulation

For general models, non-uniform spatial discretization
(Scharfetter—Gummel scheme), semi-implicit time stepping,
and Gummel iteration'?®?’] are employed to solve the drift-
diffusion model, which includes the Poisson’s equation and
the current continuity equations for electrons and holes.

For specialized models, different methods should be
adopted for different types of solar cells. Regarding quantum

tunneling, we employ the non-local band-to-band tunneling
models and Wentzel-Kramers—Brillouin (WKB) approxima-
tion, seamlessly integrated with the drift-diffusion model.!!!
Regarding exciton dynamics, we use the Langevin bimolec-
ular recombination model and a mixed dissociation model,
which combines local diffusion-dissociation (Onsager—Braun
model) with direct delocalization.”! Regarding ion dynamics,
we apply the ion migration and accumulation model, involv-
ing continuity equations for positive and negative ion flows
(similar to carrier current continuity equations, including drift
and diffusion terms, but excluding generation and recombina-
tion terms), initial concentration conditions, and annihilation

boundary conditions. !

3.4. Circuit simulation

Based on the detailed balance theory, we compute ra-
diative recombination using blackbody radiation spectrum
and decompose non-radiative recombination into bulk/surface
Shockley—Read—Hall (SRH) recombination and Auger recom-
bination. Meanwhile, Ohmic loss from electrodes, low-
mobility transport layers, and interfaces between the transport
and active layers is represented by series resistance; Ohmic
loss from shunt current caused by defects and pinholes is rep-
resented by shunt resistance. All of the above lead to the de-
velopment of a new circuit model for intelligent quantification
of solar cell efficiency losses.[28-30]

Additionally, the modified nodal analysis (MNA) and
high-dimensional Newton’s method are used to solve circuit
models for both single solar cell and large-scale module con-

figurations.

4. Input and output
4.1. Optical simulation

The input parameters include device structure (thickness
of each layer), incident light spectrum, and complex refractive
indices of all materials. Among them, the complex refractive
index can be obtained from the Material Library, and the light
spectrum can be the Solar AM 1.5G spectrum or user-defined
spectrum.

The output results include optical absorptance and re-
flectance, carrier (exciton) generation rate, and maximum
short-circuit current.

4.2. General electrical simulation

The input parameters of the non-electrode layers include
relative dielectric constant, electron affinity, bandgap, elec-
tron/hole mobility, minority carrier lifetime of bulk/surface
SRH recombination, Auger recombination coefficient, effec-
tive density of states in the conduction/valence band, and
donor/acceptor doping concentration. Moreover, users can
choose to import the generation rate from the optical output
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results or input the averaged generation rate themselves. The
input parameters of the electrode layers include work function
and contact type (Schottky/Ohmic). To simulate the transient
current density—voltage curve, it is necessary to provide the
voltage scanning range. To simulate the steady-state operat-
ing point, a given operating voltage is required. Among them,
the relative dielectric constant, electron affinity, bandgap, and
effective density of states can be obtained from the Material
Library.

The output results of transient simulation include the
current density—voltage curve and characteristic parameters
(short-circuit current, open-circuit voltage, fill factor, power
conversion efficiency). The output results of steady-state sim-
ulation include electron/hole current, electron/hole concentra-
tion, electric potential, non-radiative recombination, and en-
ergy band diagram.

4.3. Specialized electrical simulation

The additional input parameters for perovskite materials
include initial concentration of positive/negative ions, mobility
of positive/negative ions, and voltage scanning rate. The tran-
sient output results include current density—voltage hysteresis
curves (forward-reverse scan) and corresponding characteris-
tic parameters. The steady-state output results include the net
ion concentration distribution in addition to the general output.

The additional input parameters for organic materials in-
clude the delocalization ratio of excitons, exciton lifetime, ex-
citon mobility, exciton radius, and bimolecular recombination
coefficient. The steady-state output results include the exciton
concentration distribution and exciton dissociation probability
in addition to the general output.

The additional input parameters for tunneling layers in-
clude the electron/hole tunneling coefficient (relative effective
mass).

4.4. Circuit simulation

Whether for traditional or new circuit models, the input
parameters are the experimentally measured current density—
voltage curves, and the output results are the numerically fitted
current density—voltage curves and fitting errors (root mean
square error and mean absolute error). Furthermore, the out-
put results of the traditional circuit model include five parame-
ters of the model (short-circuit current, saturated dark current,
ideality factor, series/shunt resistances). The output results
of the new circuit model also include five parameters of the
model (saturated dark currents of bulk SRH, surface SRH, and
Auger recombination, series/shunt resistances) and the quan-
tified proportion of device efficiency loss (bulk SRH recom-
bination, surface SRH recombination, Auger recombination,
series/shunt resistances).

5. Performance

The simulation results for silicon, organic, and perovskite
solar cells obtained from the online platform will be presented
and compared with those from commercial softwares. Optical
and electrical parameters for all test cases are available in the
Public Device Library of the online platform.

5.1. Silicon solar cell

Device structure of a tunnel oxide passivated contact
(TOPCon) silicon solar cell is set as Ag/SiN, [70 nm]—c-Si
(p™) [300 nm]—c-Si (n) [200 um]-SiO; [1 nm]—c-Si (n™1)
[30 nm]-Ag [1000 nm]. Compared to Silvaco, the calcula-
tion error of current density—voltage (J—V) characteristics by
SolarDesign is lower than 1% (see Fig. 1). Particularly, the
computer time and memory cost are reduced by more than 10
times. Moreover, the short-circuit current (Jy.), open-circuit
voltage (V,c), fill factor (FF), and power conversion efficiency
(PCE) of the TOPCon cell are 42.69 mA/cmz, 0.71 V, 0.85,
and 25.64%, respectively. The Shockley—Queisser limit with
33% efficiency could be approached by both near-perfect Sun-
light absorption above the bandgap of silicon and ignorable
non-radiative recombination in the device. Additionally, the
continuity of classical total current (that is the sum of the drift
and diffusion currents) can be satisfied at all device regions
except for the tunnel oxide layer, where quantum tunneling
occurs (see Fig. 2).
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Fig. 1. The J-V characteristics of the TOPCon silicon solar cell. The
comparisons of computer time and memory cost between SolarDesign
platform and Silvaco are also presented. 1000 sampling points are
adopted for the J-V characteristics.
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Fig. 2. Classical total, electron, and hole currents of the TOPCon silicon
solar cell under the short-circuit condition, where 1 nm silica layer is used
for electron current tunneling and surface recombination reduction.
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5.2. Organic solar cell

Device structure of an organic solar cell is set as
ITO [70 nm]-ZnO [30 nm]-P3HT:PCBM [200 nm]-PEDOT
[50 nm]-Au [100 nm]. Table 3 lists characteristic parameters
of the organic cell with different exciton delocalization ratios.
As illustrated in Fig. 3, higher Jy is expected with a larger de-
localization ratio of exciton. Moreover, due to reduced built-in
potential, exciton dissociation probability decreases when the
organic cell is operated from the short-circuit to open-circuit
condition (see the inset of Fig. 3).

Table 3. Characteristic parameters of the organic solar cell with different
exciton delocalization ratios.

Delocalization ratio Jy. (mA/cm?) Vy. (V) FE PCE (%)

0.7 12.12 0.80 0.67 6.48
0.3 11.00 0.80 0.65 5.69
2
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Fig. 3. The J-V characteristics of the organic solar cell. “Delocal” denotes
the delocalization ratio of exciton. The inset shows the exciton dissociation
probabilities under the short-circuit and open-circuit conditions.

5.3. Perovskite solar cell

Device structure of a perovskite solar cell is set as ITO
[50 nm]-NiOy [20 nm]-MAPbI3 [500 nm]-Cgo [SO nm]-Ag
[120 nm]. The Jy, Voc, FF, and PCE of the perovskite cell are
21.68 mA/cm?, 0.99 V, 0.81, and 17.38%, respectively. Com-
pared to COMSOL, the calculation error of J-V characteris-
tics by SolarDesign is lower than 1% (see Fig. 4). Particularly,
the computer time is reduced by more than 100 times. Fig-
ure 5 shows the energy band diagram of the perovskite cell
under the open-circuit condition. The quasi-Fermi levels of
electron and hole remain constant, which indicates zero cur-
rents. Furthermore, hysteresis behaviors are simulated under
a series of voltage scanning rates as depicted in Fig. 6. The
J-V characteristics are traced in forward (from short-circuit to
open-circuit) and reverse (from open-circuit to short-circuit)
scans. The hysteresis effect can be ignored at very fast or very
slow scanning rate. The significant difference of the Jy. be-
tween the forward and reverse scans indicates dominated bulk
recombination at the perovskite active layer. Additionally, the

ion migration results by SolarDesign have been benchmarked
3,4]

against those by TonMonger.|
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Vapp (V)
Fig. 4. The J-V characteristics of the perovskite solar cell. The compari-
son of computer time between SolarDesign platform and COMSOL is also
presented. 1000 sampling points are adopted for the J-V characteristics.
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Fig. 5. Energy band diagram of the perovskite solar cell under the open-
circuit condition.
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Fig. 6. The J-V hysteresis of the perovskite solar cell with different volt-
age scanning rates (V/s). The forward-reverse (FR) scanning mode is
adopted. Solid and dashed lines denote forward and reverse scans, re-
spectively.

5.4. Quantifying efficiency losses of solar cells

The efficiency losses of a perovskite solar cell incorpo-
rating star-shaped polymer®!! are quantified by a modified
diode model®” in the SolarDesign platform. The averaged
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fitting errors for the measured J-V characteristics are only
~ 0.1 mA /cm? for both the control and polymer incorporated
cells, where hysteresis effects are ignorable and thus only for-
ward scanning results are analyzed. Figure 7 shows that the

25
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o Photogenerated current (mA/cm?) 22.51
g Bulk dark current (mA/cm?) 1.48 x 10-11
© L
Z 15 Surface dark current (mA/cm?) 0
g Auger dark current (mA/cm?) 1.82 X 107%°
~ Series resistance (Q-cm?) 1.59
£ 10 4 ,
g Shunt resistance (Q-cm?) 766.50
= Root mean square error (mA /cm?) 0.16
8 sl Mean absolute error (mA /cm 0.14
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Control forward
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incorporation of polymer reduces the bulk recombination and
increases both the series and shunt resistances. The dominated
surface recombination in the polymer incorporated cell results
in a very high FF of 0.86.
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Fig. 7. The J-V characteristics and efficiency losses of perovskite solar cells. (a) and (b) The J-V characteristics of the control and polymer
incorporated (PPP-modified) cells, respectively; the insets show the circuit parameters and fitting errors. (c) and (d) The quantified efficiency

losses of the control and polymer incorporated cells, respectively.

6. Conclusion

SolarDesign is a comprehensive, powerful, and user-
friendly photovoltaic device simulation and design platform.
The platform adopts a multi-level, multi-scale simulation ar-
chitecture, realizing the full process of photovoltaic design
from first-principles material simulation to multi-physics de-
vice simulation and compact circuit simulation. Compared
to mainstream commercial software, the platform’s simulation
results are reliable, with calculation speeds improved by more
than an order of magnitude. It can also model and analyze
emerging solar cells such as organic and perovskite devices.
The platform currently has over 1000 registered users from
more than 300 organizations including 90 companies.

Future development of the platform will focus on the
following aspects: (i) implementing large-scale photovoltaic
module simulation; (ii) realizing photovoltaic testing and
characterization simulation (including transient photolumines-
cence spectroscopy, transient photocurrent/photovoltage spec-
troscopy, and impedance spectroscopy); (iii) enhancing the
photovoltaic material and device libraries to foster an ecosys-

tem in the photovoltaic field.
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