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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 SiO, 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 E, (z) in the special form of a single expression:
E,(2) =U(2)-exp(- jS(2)) (1)
instead of traditional presentation as a sum of counter-propagating waves. Here U (z)
and S(z) are real quantities describing the resulting electric field amplitude and phase,
respectively. Time dependence exp(jat) 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 TiO, 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 SiO,. The schematic representation of the
structure is shown in Fig. 1.
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Fig. 1. Schematic representation of the PV structure with chirped DBR on the top

In the considered structure chirped DBRs made of TiO, are composed of 7 bi-
layers of slightly different high &, 1o, =7and low & 1, =6.5 permittivities. The

thickness of the layer of low permittivity is kept constant and chosen to be
LLfTi02 =53.9 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: L, 1o, =135nm;

Liotio, =125nm; Ly 50, =1140m; Ly, 5o, =1040m; L5 10, =93.5nm;
Listio, =83.2nm; Ly, 50, = 72.8nm. The thickness of the substrate of permittivi-

ty &sio, =2.1313 is taken equal to Lg, =848 nm. The thickness of the metallic
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layer (Cu) of permittivity & =& —ig! =-6.432—i3.5535 at the central wave-
length of A =550nm is taken equal to L, =608 nm. The p-i-n absorbing region

made of Si has the following parameters: the p-type and the n-type layers of permittiv-
itye, =&, =16 have correspondingly thicknesses L, =5500nm and L, =4159
nm, the i-type layer of permittivity & =& —ig’=16.2—i1.0 has a thickness
L, =1365nm.

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 A4, =550 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 E and power flow density P within the structure at the wavelength
A, =550nm. 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
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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 SiO, 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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FURUULULNTENS HNSNGFULYULULYUL SUrr6Mh YLULN
PLNREUSIENP PUMGLUYNRUC 2PMNMU3PL AUCHUYUD PPEA3UL
UL ruurapLsrh 0GSUSNroUuUR

<. Jd. Punnpwuwpyu, (@.U. Yuywquu, (@./¢. Kndhwutuhujwt, U. Uwpghuhwl

Ybwwnwpywsd b Si p-i-n mhwyh Ywupsh hhdwt pw pwgdwuwungtipm dnuinnquyw-
uwlwu () wwppbpp  owywhlwywu  punipwgptpp  EGYwpwdwqupuwlwu - wihph
Gpyupnigwu’ dwupnwpnid hbrnwgnnindp: $9 Yunnigwdph Jbplh dwund inbnulwyjws
lwjuwgbpn ng wwppbpwlwt - (shpwwipt)  pwofudwd  pplgyuu - wunpunwpdhgp  (FRU)
hpduyws £ Cu dhwnwnwlwu 26pnph L SiO, hwppwyh Ypw: BJwht  hGnwgnnnwip
Yuwuwwpyws b dhwutwwt wpnwhwynnyejuu dbpnnng (UUU-nyY): UUU-p wywunwlwu
EiEyunpwnhuwdhlywih vwhdwuwihu fuunhpubph nédwt  ng wjwunwywu nwuwly £ L
hwpdwp gnpdhp' gwulwgwd pwgdwytipn ni dnpnyugwd owynpyuwywu Ywnnigwdpubiph
wipph  Gplwpnipgwt’  Jwupnwpnd hGnwgnundwu - hwdwp: - UUU-nd  uuwpquwd
hwdwlwpgswiht  dnnbjwynpdwtu  dhongny unwgyws bu  shpwwihu PPU  hwjtihubipny
pwquiwuwungbipn % wwppbph Ywunn, wunpwnwpdunn b pnnwpynn punewgpbpp:
Lhwnmwgnunywsd £ shpwwihu PRU-ubiph otipintiph puh, hwuwniegniuubph bW hwonpnuyw-
unipjwt wgnbgnpyniup  pwqdwuwungbpn S wwppbph Yuunn  punypwgpbph Ypw'
npn2tint  hwdwp  npwtug  Juwudwt  wpryniwwybnnegniup - pwpdpwgunn - owhwybin
Ywnnigwdpubipp:  Owwhlwlwl nwownh  EEhwnpwlwu  pwnwnphsh  nbnuyuwnwp L
hgnpnigjwu hnuph pwotujwénieyniup’ nhuwpydws $F Yunnigwdpubpnud hwunwunnd
pwquwuwungtipn DG wmwnpbph swhwybin Ywnnigwdpubpnud Ylwudwu
wpryniwybnnggjwu pwpdpwgnudp:  EEyupwdwquhuwwtu wihph  Bplupniejwt
dwupnwpnid juwnwpwsd hbnwgnundwu wpryniupubipp ghnwywu b Yhpwnwlwu tpwuw-
Ynipniu Yniubuwu jwjuwgbtipnn nkignuwwnnpwiht wunpwnwpdhsubpny unipp pwnwupwhu
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pwqiwuwungtipnn % wwppbiph woluwwnwuph pwpbwddwt hwdwp' npwtg wpyntw-
ybwnipjut pwpdpwgdwt nbiypnid:

Unwugpuyhti  pwnbp. dninnquijwunipniu, pwqiwuwungtipnn $ninnquijuitwywu
wnwpp, shpwwiht pwofujwsd ppligyut wunpwnwnéhs, bEYunpwdwquhuwywu dnnbiwynpntd,
dhwutwlwt wpnwhwjnnyejwu dbpnn:

YJIYYHIEHHUE NNOI'VIOWATEJBHBIX XAPAKTEPUCTHK
MHOT'OHAHOCJIOMHBIX ®OTOI' AJIbBAHUYECKHNX JIEMEHTOB C
HNCIIOJIb30OBAHUEM YNPIIOBAHHBIX PACIIPEAEJEHHBIX
BPOITOBCKUX OTPAKATEJIEN

O.B. barnacapsin, T.M. Kusizsan, T.T. Oranecsin, M. Mapunnuak

[IpoBeneH SJIEKTPOMAarHUTHBIH B MacimiTaOe MJIMHBI BOJHBI AHAJIU3 ONTHYECKHUX
XapaKTePUCTHK MHOTOHAHOCIOWHBIX (oToBoNmbTanmdeckux (OB) snemenToB Ha ocHOBE Si pP-i-n
Tuna nornoturens. I1IupokonoaocHsIN HenepuoaguuecKuil (YMpIOBaHHbIN) pacnpeaeIeHHbINH
opoarrosckuii orpaxarens (PBO), pacnonoxennsiit Ha BepmmHe @B cTpykTypHl, OCHOBaH Ha
MertayutdeckoM cioe u3 Cu u momnoxke u3 SiO,. UuciaeHHBI aHaIu3 MPOBEACH METOIOM
enuHoro BelpakeHuss (MEB). MEB sBmsercs HeTpaJuIIMOHHBIM METOJOM IS PpEIICHUS
T'PaHWYHBIX 33724 B KJIACCHUECKOH IEKTPOJMHAMUKE U YAOOHBIM HHCTPYMEHTOM /ISl aHAJIM3a
B MacmTade JUIMHBI BOJHBI TPOM3BOJIBHBIX MHOTOCIOHHBIX M MOAYJIHPOBAHHBIX ONTHYECKUX
crpykryp. IlormomarenbHble, OTpaXkaTelbHbIE W IPOIYCKATENIbHBIE XapaKTEPUCTUKU
MHoroHaHocnoiHeIX @B snementoB c¢ umpnoBaHHeIMH PBO 3epkasamMu  MmOTydeHBI
MOCPEICTBOM KOMIIBIOTEPHOTO MojenupoBaHus ¢ nomombio MEB. HccnenoBano BiusiHUE
ypciaa, TOJNIIMH M YepeJOBaHUS CloeB uMprnoBaHHBIX PBO Ha morjomiarensHele
XapaKTepUCTUKH MHOTOHAHOCIOWHBIX OB 31eMeHTOB /i BBISBICHHS OJNaronpusATHBIX
KOH(UTypanuii ¢ Lenbl0 YBEJMUYCHHs HMX Horiomaromeil s¢dextnBHOCTH. Jlokanuzamus
JNEKTPUYECKONM KOMIIOHEHTBI ONTHYECKOTO MONA U pacHpeleseHHe MOTOKa 3HEPruu B
paccmarpuBaeMori ®B cTpyKType MOATBEPKIAAOT YBEIMUYCHHE MoOrIomane 3¢hdhexrus-
HOCTM B BBIUTPHINIHOM KOH(HIypalluMu MHOTOHAHOCIOHHOTO 3JIeMEHTa. Pe3ynbrarsl
BBIITOJTHEHHOTO B MacIuTa0e MJIMHBI BOJHBI 3JEKTPOMAarHUTHOTO aHalu3a OyAyT HMeTb
Hay4YHOE U MPAKTHYECKOE 3HAUEHHE AJIS YIyUIIeHUS paboThl TOHKOIUIEHOYHBIX MHOTOHAHO-
cioiHpIX @B 371€MEHTOB C MIMPOKONOJIOCHBIMY PE30HATOPHBIMHM OTPAXKATEISIMU Ha IPEIMET
yBeIn4eHus ux 3G ek THBHOCTH.

Kniouesvie cnosa: (dotorampBaHnKa, MHOTOHAHOCIOWHBIH  (hOTOTATbBAHUYECKUN
9JIEMEHT, YUPIIOBAHHBIA OPATTOBCKUI OTpa)kaTenb, 3JIEKTPOMArHUTHOE MOJICINPOBAHHE,
METOJI €JUHOTO BBIPAXKEHUSI.
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