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An electromagnetic wavelength-scale analysis of optical characteristics of multinanolayer 

photovoltaic (PV) cells based on a Si p-i-n type absorber is performed. A broadband non-

periodic (chirped) distributed Bragg reflector (DBR) located on the top of the PV structure is 

supported by a metallic layer (Cu) and SiO2 substrate. The numerical analysis is performed by 

the method of single expression (MSE). MSE is a non-traditional method of boundary problem 

solution in classical electrodynamics, and a convenient tool for wavelength-scale analysis of 

any multilayer and modulated photonic structure. Absorbing, reflecting and transmitting char-

acteristics of multinanolayer PV cells with chirped DBR mirrors are obtained via performed 

computer modelling by the MSE. The influence of the number, thicknesses and alternation of 

the layers of the chirped DBRs on the absorbing characteristics of multinanolayer PV cells is 

analysed to determine favourable configurations for enhancement of their absorption effi-

ciency. The localization of the electric component of the optical field and the power flow dis-

tribution within the considered PV structures are obtained to confirm an enhancement of ab-

sorption efficiency in favourable configurations of multinanolayer PV cells. The results of the 

performed electromagnetic wavelength-scale analysis will have a scientific and practical im-

portance for optimizing the operation of thin-film multinanolayer PV cells with broadband 

resonant reflectors on the subject of enhancement of their efficiency.  

Keywords: photovoltaics, multinanolayer photovoltaic cell, chirped distributed Bragg re-

flector, electromagnetic modelling, method of single expression. 

 

Introduction. Today’s photovoltaics (PVs) technology is one of the most attrac-

tive, scalable and mature renewable energy source technology and has advanced con-

siderably in recent years [1, 2]. 

PVs is based on photovoltaic effect due to which solar energy is converted direct-

ly into electrical energy by photovoltaic cells. Improving the conversion efficiency of 

a PV cell is a key goal of the research in the field and makes PV technologies cost-

competitive with more traditional sources of energy. 

Though today’s PV technology is well developed and extensively exploited for 

household and industrial applications, however there is still a need in enhancement of 
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PVs efficiency over a wider spectral range, using a cheap material base and technolo-

gy for low cost mass production of durable PV devices. 

Nowadays PV cells are thin-film cells with absorbing layer thicknesses that are of 

the same order or smaller than the operating wavelength [3]. Thin films essentially 

reduce the amount of semiconductor material required for each PV cell compared to 

bulky PV cells and hence lower the cost of production [4].  

For better light harvesting in PV cells, different multilayer structures are used. 

Generally they consist of an absorbing layer covered from the top and the bottom, cor-

respondingly by transparent and reflecting metal electrodes. Some structures have an 

antireflection coating above the top transparent electrode to reduce reflection losses in 

the PV cell [5]. Antireflection coatings can improve the absorption efficiency when 

the thickness of an absorbing layer is much greater than the operating wavelength. 

When the thickness of the absorbing layer is comparable to or smaller than the operat-

ing wavelength, high-reflectivity dielectric mirrors are used to enhance the absorption 

over a narrow spectral and angular range. The dielectric mirrors are usually high re-

flectivity distributed Bragg reflectors (DBRs) [6, 7]. DBRs made as non-periodic die-

lectric stacks where thicknesses of bilayers are monotonously changed by some law: 

linear, quadratic, exponential or other, are called chirped DBRs. Absorption in thin-

film PV cells using chirped DBR mirrors can be enhanced over a wider spectral range 

by providing higher efficiency in comparison with those using conventional reflectors 

[8]. 

The present paper is devoted to the wavelength-scale numerical analysis of opti-

cal characteristics of multinanolayer PV cells with broadband resonant reflectors 

(chirped DBRs on the top of the structure) by the method of single expression (MSE) 

[9-11]. Numerical modelling will permit to reveal optimal PV structures for efficient 

light absorption in the certain region of the structure. 

The essence of the MSE is the presentation of a general solution of Helmholtz’ 

equation for electric field component )(zEx
 in the special form of a single expression: 

 )(exp)()( zjSzUzEx                                            (1) 

instead of traditional presentation as a sum of counter-propagating waves. Here )(zU

and )(zS are real quantities describing the resulting electric field amplitude and phase, 

respectively. Time dependence  tjexp  is assumed but suppressed throughout the 

analysis. Solution in the form (1) prevails upon the traditional approach of counter-

propagating waves and is more general because it is not relied on the superposition 

principle. This form of solution describes all possible distributions of electric field 

amplitude, corresponding to propagating or evanescent waves in a medium of positive 

or negative permittivity, respectively. No preliminary assumptions concerning the 
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Helmholtz’s equation solutions in different media are needed in the MSE.  This gives 

advantages in the investigation of wave interaction with any longitudinally non-

uniform linear and intensity dependent non-linear media, what can be done with the 

same ease and exactness. 

Numerical  Analysis  of  Multinanolayer  Photovoltaic Cells   with   Chirped DBRs. A 

broadband PV microresonant structure with broadband chirped DBRs, in the range of 

(350 ... 750) nm near the central wavelength of 550 nm of the sun’s maximal radiation 

is analysed. In the present paper, a PV structure with broadband resonant chirped 

DBRs made of TiO2 is considered aimed at revealing the optimal structure for the effi-

cient absorption of incident light in the specific region of a PV structure, where gen-

eration of electron-hole pairs is favourable. The PV structure consists of Si p-i-n junc-

tion with a metallic mirror on the bottom and a chirped DBR on the top. The whole 

structure is located on the substrate made of SiO2. The schematic representation of the 

structure is shown in Fig. 1.  

  

Fig. 1.  Schematic representation of the PV structure with chirped DBR on the top 

 

In the considered structure chirped DBRs made of TiO2 are composed of 7 bi-

layers of slightly different high 7
2
TiOH and low 5.6

2
TiOL  permittivities. The 

thickness of the layer of low permittivity is kept constant and chosen to be 

9.53
2
TiOLL  nm, while the thickness of the layer of high permittivity decreases 

gradually towards the illuminated side of the structure to provide a chirp law for DBR. 

The thicknesses of the layer of high permittivity are as follows: 135
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27 TiOHL nm. The thickness of the substrate of permittivi-
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2
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layer (Cu) of permittivity 5535.3432.6~ ii mmm    at the central wave-

length of 550 nm is taken equal to 608mL  nm. The p-i-n absorbing region 

made of Si has the following parameters: the p-type and the n-type layers of permittiv-

ity 16 pn   have correspondingly thicknesses 5500pL nm and 4159nL  

nm, the i-type layer of permittivity 0.12.16~ ii iii    has a thickness 

1365iL nm. 

The reflection spectrum of the PV structure with a chirped DBR has an oscillating 

character with maxima and minima at the specific wavelengths. At the reflectance 

minima high absorption of incident light in the PV structure takes place, while at the 

reflectance maxima modest absorption of incident light with the average absorptance 

of the structure of about 0.65 is observed. Since the transmittance of the structure 

reaches zero in the whole spectral range, the average reflectance at the wavelengths of 

maximal reflectance is correspondingly of about 0.35.  

The permittivity profile of the PV structure with chirped DBR and the distribu-

tions of electric component of optical field and power flow density within the structure 

at the central wavelength 5500   nm of the sun’s maximal radiation (where high 

absorption of light energy is observed) are presented in Fig. 2. 
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Fig. 2. Permittivity profile of the PV structure with DBR and distributions of the electric 

field amplitude Ê  and power flow density  P  within the structure at the wavelength 

5500  nm. The light incidence is from the left 

 

 As it is seen from Fig. 2, the electric field amplitude has an exponentially de-

caying character in the i absorbing layer of the p-i-n region and slightly oscillates in 

front of the structure according to insignificant reflection from the structure. A sharp 

decrease in the power flow density in the i absorbing layer is observed indicating 



86 

 

strong absorption of incident light that will contribute to the PV effect. Outside this 

region, the power flow density is constant except for the comparatively negligible 

decay within the metallic layer, indicating that essential absorption of incident energy 

takes place namely in the i absorbing layer of the structure. 

Conclusion. Optimization of operation of thin-film multinanolayer PV cells with 

broadband resonant reflectors on the subject of enhancement of their efficiency has 

been carried out. 

Electromagnetic wavelength-scale numerical analysis of optical characteristics of 

a multinanolayer PV structure based on a Si p-i-n type absorber with a chirped DBR 

on the top of the structure mounted on a metallic layer and SiO2 substrate is performed 

by the MSE. The transmittance of the structure reaches zero in the whole spectral 

range of (350 ... 750) nm near the central wavelength of 550 nm of the sun’s maximal 

radiation, while the reflectance and absorptance have their maxima and minima at 

some wavelengths. At the central wavelength of 550 nm, high absorption of light en-

ergy is observed. The influence of the layers of the chirped DBRs on the optical char-

acteristics of multinanolayer PV cells is analysed by observing the localization of the 

electric component of the optical field and the power flow density distribution within 

the structures. Distributions of electric field amplitude and power flow density re-

vealed that both of them have an exponentially decaying character in the i absorbing 

layer of the p-i-n region proving the fact of the strong absorption of the incident light 

that will contribute to the PV effect. 
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УЛУЧШЕНИЕ ПОГЛОЩАТЕЛЬНЫХ ХАРАКТЕРИСТИК 

МНОГОНАНОСЛОЙНЫХ ФОТОГАЛЬВАНИЧЕСКИХ ЭЛЕМЕНТОВ С 

ИСПОЛЬЗОВАНИЕМ ЧИРПОВАННЫХ РАСПРЕДЕЛЕННЫХ 

БРЭГГОВСКИХ ОТРАЖАТЕЛЕЙ 
 

О.В. Багдасарян, Т.М. Князян, Т.Т. Оганесян, М. Марциниак 
 

Проведен электромагнитный в масштабе длины волны анализ оптических 

характеристик многонанослойных фотовольтаических (ФВ) элементов на основе Si p-i-n 

типа поглотителя. Широкополосный непериодический (чирпованный) распределенный 

брэгговский отражатель (РБО), расположенный на вершине ФВ структуры, основан на 

металлическом слое из Cu и подложке из SiO2. Численный анализ проведен методом 

единого выражения (МЕВ). МЕВ является нетрадиционным методом для решения 

граничных задач в классической электродинамике и удобным инструментом для анализа 

в масштабе длины волны произвольных многослойных и модулированных оптических 

структур. Поглощательные, отражательные и пропускательные характеристики 

многонанослойных ФВ элементов с чирпованными РБО зеркалами получены 

посредством компьютерного моделирования с помощью МЕВ. Исследовано влияние 

числа, толщин и чередования слоев чирпованных РБО на поглощательные 

характеристики многонанослойных ФВ элементов для выявления благоприятных 

конфигураций с целью увеличения их поглощающей эффективности. Локализация 

электрической компоненты оптического поля и распределение потока энергии в 

рассматриваемой ФВ структуре подтверждают увеличение поглощающей эффектив-

ности в выигрышной конфигурации многонанослойного элемента. Результаты 

выполненного в масштабе длины волны электромагнитного анализа будут иметь 

научное и практическое значение для улучшения работы тонкопленочных многонано-

слойных ФВ элементов с широкополосными резонаторными отражателями на предмет 

увеличения их эффективности.                                                                                                                               

Ключевые слова: фотогальваника, многонанослойный фотогальванический 

элемент, чирпованный брэгговский отражатель, электромагнитное моделирование, 

метод единого выражения. 

 
 

 

 

 

 

 

 
 


