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IMPROVEMENT OF QUANTUM EFFICIENCY
USING SURFACE TEXTURE OF SOLAR CELL
IN THE FORM OF PYRAMID
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University of 8 May 1945, Guelma, Algeria

The work presented in this paper concerns a detailed study about the light transmission through
textured surfaces in a surface made up of pyramids [1,2]. We investigate to what extent and under what
conditions we want to take advantage of ray incidence five times and more [3,4]. It is found that these
analyses can be used to determine the optimal surface texture, which provides the best light trapping
for solar cells in terms of the total internal reflection occurring in the high-index medium at incidence
angles larger than the nominal critical angle [5-11]. One of the main contributions of this paper is the
analysis and quantification of the influence of the opening between the heads of the two closest pyramids
in textured surface for solar cells and its application to the photovoltaic parameters, such as the quantum
efficiency. In this model, we show that the material can have five and more successive incident ray
absorptions instead of three currently, where we changed the direction of the reflected ray, by varying
the angle between the two neighbouring pyramids, the incidence angle, the opening between the heads
of the two closest pyramids and their height. Thus, an angle between the two neighbouring pyramids
varies between 20 and 12° and an angle of incidence varies between 80 and 84°. For these values of
the angle between the two neighbouring pyramids and incidence angle, the opening between the heads
of the two closest pyramids varied respectively from 3.53 to 2.10 pum for a pyramid height of 10 pm.
This leads to a substantial increase of the quantum efficiency, thus the photovoltaic efficiency.

Ipencr BieHH s p OOT TNOCBSIIEH JeT JILHOMY HCCIIEI0B HHUIO IIPOLECC IPOXOXIEHHS CBET 4Yepe3
MOBEPXHOCTH, UMEIOIUE NMUP MU JIbHYIO TeKCTypy [1,2]. M3ydeHsl ycloBHS, MpH KOTOPBIX BO3MOXKHO
UCIIOJTb30B HUE MPEUMYIIECTB 3 XB T I J IOIIUX Jydeid ¢ 3(pheKTHBHOCTHIO, B IATh U Goliee p 3 6OJIb-
nIeil o ¢p BHEHUIO C yXe UMEIOIIIMUCS moBepxXHOocTaMH [3,4]. [Iok 3 HO, YTO MOMTy4YEeHHBIE PE3YNIbT ThI
MOHO HCIIOJIb30B Th JUIS OIpPEJEeNIeHHs] ONTUM JIbHOH TEKCTYphl MOBEPXHOCTH, KOTOP S 0OECIIeYnB €T
H WIyYIINA 3 XB T CBET SYEHK MU COJHEYHbIX O T pell MpH MOMOLIM MeX HU3M IIOJHOTO BHYTPEH-
HEero OTp KeHWS MpPU yII X H KJIOH , OOJBIIMX HOMHH JIBHOTO KpUTHYecKoro yrn [5—11]. OngHum u3
[JT BHBIX PE3y/IbT TOB CT ThU SBISIETCS H JIM3 U YHCIEHHOE OMUC HHE BIUSHHSA YL OTKPBITHS MEXIY
BEpIIMH MU JOBYX OMMX HINIUX MUAP MHA TEKCTYPHUPOB HHOW MOBEPXHOCTU SYEEK COTHEYHOW O T per U
€ro UCIONb30B HHUE I/ OmpeneeHus (POoTor JIbB HMYECKHUX I P METPOB, T KX K K KB HTOB 4 d(hchek-
TUBHOCTb. B p cCM TpuUB eMOI MOJeNU MOK 3 HO, YTO MPEI I' eMbId M Tepu JI uMeeT 3(PeKTUBHOCTD
MOIVIOMIEHH 1T [ OIIEro U3Ty4eHHs B MATh U Oojiee p 3 BbIIIE, YeM TPH yXKe CYIIECTBYIOLIHE, IIe H Mp -
BJIEHHE OTP XEHHOTO My4YK HW3MEHAJIOCh MyTeM M3MEHEHUS yIJI MEXIy ABYMS COCEIHHMH MUP MHA MH,
VI T JEHHs, yIJT OTKPBITHS MEXJy BEpPIIMH MM JBYX OJMX HINUX NMUP MU M UX BBICOTHL T KuM
00p 30M, yroil MeXiy AByMs COCEIHUMH IUP MHJ MH B pbupyercs Mexay 20 u 12°,  yrom m aeHust —
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Mexay 80 u 84°. I 9THX 3H YEHWI yroJl OTKPHITHS MEXY BEPIIMH MU OJMX WIIMX HHP MHI BBICO-
toil 10 MKM H XomuTcd B ripeaes X ot 3,53 1o 2,10 MKM. DTO NPUBOAUT K CYIIECTBEHHOMY YBEJIMUYEHHIO
KB HTOBOU 3(p(peKTHBHOCTU, CIIEOOB TENbHO, U (POTOT JIbB HHYECKOH d((peKTUBHOCTH.

PACS: 88.40.hj

INTRODUCTION

The quantum efficiency [12,13] is the ratio of the number of carriers collected by the
solar cell to the number of photons of a given energy incident on the solar cell. The quantum
efficiency may be given either as a function of wavelength or as energy. If all photons of
a certain wavelength are absorbed and the resulting minority carriers are collected, then the
quantum efficiency at that particular wavelength is unity. The quantum efficiency for photons
with energy below the band gap is zero.

The quantum efficiency for most solar cells is reduced due to recombination effects. The
same mechanisms, which affect the collection probability, also affect the quantum efficiency.
For example, front surface passivation affects carriers generated near the surface, and since
blue light is absorbed very close to the surface, high front surface recombination will affect
the “blue” portion of the quantum efficiency. Similarly, green light is absorbed in the bulk of
a solar cell and a low diffusion length will affect the collection probability from the solar cell
bulk and reduce the quantum efficiency in the “green” portion of the spectrum. The quantum
efficiency can be viewed as the collection probability due to the generation profile of a single
wavelength, integrated over the device thickness and normalized to the incident number of
photons.

1. TEXTURED SURFACE IN THE FORM OF PYRAMID

This model is based on reflection and refraction laws of incident rays on the surfaces of
two neighbouring pyramids [14].

Incoming light, I, strikes a surface with reflection r. The r varies from 0 to 1. The
reflected light from the surface, 71, is reflected at the same angle at which the incoming light
strikes the surface, and the transmitted light is 1 — r.

In a textured surface (Fig. 1), rather than being lost,
the reflected light can strike the surface again, thus reduc-
ing the reflection to r21, and the transmitted light is 1—172.

Transmitted rays are the sum of two successive in-
dexes: [I(1—7)+ Ir(l —7)=1(1-172)).

A change of the aperture between the summits of the
neighbouring pyramids will allow the Ir? rays to fall the
second time on pyramid 1 and the Ir> rays to fall the third
time on pyramid 2 and the Ir* rays to fall the fourth time
and so on (Fig.2). This mechanism will permit recu-
perating the third and fourth and fifth proportions of the Fig. 1. Textured surface radius trans-
incident rays I72(1 —r) and Ir3(1 — r) and Ir*(1 —r), mitted successively two times
that will participate into the improvement of the photo-
voltaic properties, such as the spectral response. The total amount of the absorbed rays in the
sum of the five successive incidences is

T1—=r)+Ir(1 =)+ Ir*(1 =) + Ir*(1 —7) + Ir* (1 —7) = I(1 — 7°)]. (1
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Pyramid 1

Fig. 2. Textured surface with five successive incidences. 8 = 20°; i1 = 80°; i2 = 60°; i3 = 40°;

14 = 20°;, h =10 pm; f = 3.53 pum

Pyramid 2

Transmitted rays are the sum of five successive indexes:

T —=r)+Ir(1 =)+ Ir?(1 =) + Ir3(1 —7) + Ir* (1 —7) = I(1 — 7°)].

If 41 represents the angle of the first projection on the surface of pyramid 1 and i, the angle of
the second projection on the surface of pyramid 2 and 3 the angle of the third projection on
the surface of pyramid 1 and i4 the angle of the fourth projection on the surface of pyramid 2,

Incidence angles and the angle between the two neighbouring pyramids and the opening between

the heads of the two closest pyramids

9 = ’in — ’L‘nfl f, pHm i1 iz 13 i4 ’i5 i6 ’i7 ’ig
20 3.53 80 | 60 | 40 | 20 | 00

18 3.17 81 | 63 |45 |27 | 9

16 2.81 82 | 66 | 50 | 34 | 18 | 2

14 2.46 83 | 69 | 55 | 41 | 27 | 13

12 2.10 84 | 27 | 60 | 48 | 36 | 24 | 12 | 00
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then the angle between the two neighbouring pyramids is
0= In — ln—1. (2)

The opening between the heads of the two closest pyramids f is

f = 2htan (g) . 3

The calculated values of f for different angle between the two neighbouring pyramids «
and the opening between the heads of the two closest pyramids f and different incidence
angles in order to get height & = 10 pum are assembled in the Table.

2. QUANTUM EFFICIENCY

The quantum efficiency (or quantum yield) (QE) is the ratio of the number of carriers
collected by the solar cell to the number of photons of a given energy incident on the solar
cell. The quantum efficiency may be given either as a function of wavelength or as energy.
If all photons of a certain wavelength are absorbed and the resulting minority carriers are
collected, then the quantum efficiency at that particular wavelength is unity. The quantum
efficiency for photons with energy below the band gap is zero.

Two types of the quantum efficiency of a solar cell are often considered:

The External Quantum Efficiency (EQE) is the ratio of the number of charge carriers
collected by the solar cell to the number of photons of a given energy shining on the solar
cell from outside (incident photons).

The Internal Quantum Efficiency (IQE) is the ratio of the number of charge carriers
collected by the solar cell to the number of photons of a given energy shining on the solar
cell from outside and absorbed by the cell.

The IQE is always larger than the EQE. A low IQE indicates that the active layer of the
solar cell is unable to make good use of the photons.

The internal quantum efficiency is defined to have a quantity that depends less strongly
on the optical design than the external quantum efficiency. The internal quantum efficiency
is given by
_al
C14al’

where « is the linear absorption coefficient of the simple relationship and L is the diffusion
length.
For a textured plane the relation (4) becomes

@n “)

_ a, L
Qun =177 Tal )
1 1
Qp = Eln <1_—7m> s (6)

where r is the reflection coefficient and d is the cell thickness.
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In the case of normal plane, the internal quantum efficiency is

OélL
nl — — 7
Q 11 1+ OélL ( )
1 1
= — 1 . 8
a=g <1 — r) ®)
For a textured plane the relation (5) becomes
OQL
n2 — 5 9
Q@n2 T+ ool ©)
1 1
By applying the model that uses three successive incidences, the relation (5) becomes
OégL
g = —————, 11
Q 3 1+ OégL ( )
1 1
==-In|——=]. 12
w=g" <1 - r3> (12)
By applying the model that uses four successive incidences, the relation (5) becomes
Oé4L
n4 — —, 13
Q 14 1+ 044L ( )
1 1
=-In|——=]. 14
=g <1 - r4> 14
By applying the model that uses five successive incidences, the relation (5) becomes
Ot5L
n5 — 5 15
Qns 1T osl (15)
1 1
as = —1n (1 — r5> (16)

In the case of this model, the variation of the absorption coefficient as a function of the
reflection coefficient r is shown in Fig. 3.

Figure 3 shows the different curves representing the internal quantum efficiency as a
function of the reflection coefficient of a textured photovoltaic cell for d (the cell thickness
d =100 pm) and L (the diffusion length L = 100 ym).

This variation is compared in the same figure with the ideal case, with the case of the
normal plane, and with that of the textured plane, in order to represent this relation for various
values of the internal quantum efficiency, which shows well enough that we are getting nearer
to the ideal values, in case we want to take advantage of ray incidence, five times, then four,
then three, then twice, then once.
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Fig. 3. Quantum efficiency vs. reflection coefficient (d = L = 100 um): Qn1 = lila -,
1
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a5 = éln (ﬁ), ag — ideal case

Based on these results, we will get good ones especially for the treated plane surface,
where reflection coefficient r is near zero and consequently the internal quantum efficiency
increases almost to the ideal value, which helps us to contribute to a significant improvement
of the photovoltaic efficiency.

CONCLUSION

A solar cell’s quantum efficiency value indicates the amount of current that the cell
will produce when irradiated by photons of a particular wavelength. If the cell’s quantum
efficiency is integrated over the whole solar electromagnetic spectrum, one can evaluate the
amount of current that the cell will produce when exposed to sunlight.

This work is based on the use of successive reflections on the textured surface in the form
of pyramid of solar cells, in order to improve the photovoltaic efficiency. For achieving this
goal we used a model that can recuperate four reflections, by varying the incidence angle,
the angle between the two neighbouring pyramids and the aperture between the neighbouring
pyramids. This model permits the solar incident rays to have five successive absorptions by
the material.

The calculations of incidence angles on the pyramids’ surfaces and the opening between
the heads of the two closest pyramids were carried out for different pyramid heights. The
application of the suggested model shows a significant improvement of the photovoltaic
parameters, such as the quantum efficiency. The representative curves of these parameters in
the case of this model approach those representing the ideal case. In conclusion, we can say
that this model can contribute to a significant improvement of the photovoltaic efficiency and
can be applied to other photovoltaic materials.
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