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Abstract Wavelength converters have been proposed as

one of the ways to achieve higher efficiency in third gen-

eration solar cells. The idea is to shift the wavelength of the

light absorbed by the solar cell to the spectral region where

the device is most efficient. Higher energy photons are

often absorbed unproductively near the front contact of the

solar cells. By the application of photoluminescent mate-

rials these photons are transformed into longer wavelength

ones, which contribute more effectively to the generated

photocurrent. In this study the improvement that a wave-

length converter containing Tb3? ions can produce on the

efficiency of a thin film silicon single junction solar cell

under AM 1.5 solar radiation is assessed by model calcu-

lations. The absorption and emission of a specified number

of Tb3? ions in a fluoride glass layer or plate is calculated

on the basis of literature data. It is presumed that such a

plate is placed in front of the solar cell and modifies the

solar spectrum falling on the cell. This modified solar

spectrum is used to calculate the efficiency of two model

solar cells, an amorphous silicon and a microcrystalline

silicon one, using the program Afors-Het 2.2. The amount

of Tb3? ions per unit area in the wavelength converter

layer is varied. In the best case the efficiency of the a-Si:H

solar cell improves by 1% and that of the microcrystalline

silicon cell by 2.3%, in comparison to that calculated with

the unmodified AM 1.5 spectrum.

Introduction

As a way to achieve higher efficiency of third generation

solar cells wavelength converters have been proposed as

one of the ways forward [1]. The idea is to shift the

wavelength of the light which is absorbed by the solar cell

to the spectral region where the device is most efficient.

Higher energy photons are often absorbed unproductively

near the front contact of the solar cells or the carriers

generated by them recombine before being separated. By

the application of photoluminescent materials these pho-

tons are transformed into longer wavelength ones, which

correspond to the spectral region of maximum efficiency

for the solar cell and contribute more effectively to the

generated photocurrent. The applicability of such an

approach using quantum dots in a polymer layer has been

demonstrated by van Sark et al. [2]. That wavelength

converter was useful for multicrystalline silicon solar cells

but did not show any improvement in the efficiency of

amorphous silicon ones.

Another class of systems showing promise for applica-

tion as wavelength converters are transparent layers con-

taining rare earth ions such as Eu2? [3], Eu3? [4, 5], Sm2?

and Sm3? [6], Tb3? [4, 7], Nd3? and Yb3? [8]. The same

principle is used in phosphor converted white light-emit-

ting diodes to convert the UV or blue radiation into the

visible [9]. These ions absorb in the blue and ultraviolet

part of the spectrum and emit in the visible or near infrared.

They are known to have high luminescence quantum effi-

ciency (LQE) when excited but their absorption due to

internal 4fN transitions is low [1]. It is of great practical

interest to estimate the degree to which rare earth ion based

wavelength converters can increase the efficiency of solar

cells as the reported experimental results vary quite widely

[1, 7].
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A rare earth ion that has been proposed as suitable for

such application to thin film silicon solar cells is Tb3?

[4, 10]. In the present study the efficiency improvement in

silicon-based thin film solar cells that could be expected by

the application of a wavelength converter containing Tb3?

is estimated. Using literature data the spectral position and

intensity of Tb3? absorption and emission is calculated.

Then the modification of the standard AM 1.5 solar spec-

trum produced by its passing through a transparent wave-

length conversion layer or plate containing different

amounts of Tb3? ions is evaluated. The effect of that

modified spectrum on the performance of model thin film

silicon solar cells is estimated using the one-dimensional

solar cell simulation program Afors-Het2.2 [11, 12].

Methods

The absorption spectrum of Tb3? in a transparent glass

matrix originating from transitions between electronic

states in the partly filled 4f orbital is calculated according

to the Judd–Ofelt theory [13, 14]. It is taken into account

that the energy positions of the 4fN transitions depend only

weakly on the host matrix. Just the electric dipole contri-

bution is included as it is the predominant one. The mag-

netic dipole oscillator strengths are much weaker. The

electric dipole line strengths Sed are evaluated according to

the formula

Sed ¼
e2

4pe0

� � X
k¼2;4;6

Xk U kð Þ�� ��2 ð1Þ

where e and e0 have their usual meaning of unit charge and

permittivity of vacuum, U kð Þ�� �� are the reduced matrix

elements of the unit tensor operator U. These matrix ele-

ments are commonly assumed to be independent of the host

matrix [15]. Their values are taken from the work of

Carnall et al. [16]. The Judd–Ofelt parameters X2, X4, X6

are the host-dependent quantities in this model and they

can be used to predict the electric dipole oscillator

strengths for all radiative transitions between 4f levels. In

our calculation we use the parameters for Tb3? determined

by Amaranath et al. [17] for the fluoride glass designated in

the same paper as Glass A and having the composition

30BaF2 ? 30InF3 ? 10ThF4 ? 9ZnF4 ? 20LiF ? 1TbF3.

These parameters, shown in Table 1, are sufficiently high

in value to give an optimistic estimation of the oscillator

strengths of the optical transitions of the ion.

The oscillator strength of each transition is calculated as

[15]:

fcalc�ed ¼ 4pe0

8p2mm
3h 2J þ 1ð Þe2

vedSed ð2Þ

where ved = (n2 ? 2)2/9n, n is the refractive index of the

matrix (n = 1.57 for Glass A [17]), J the quantum number

of the total angular momentum of the ground level, m the

frequency of the transition, m the electron mass and h the

Planck constant. The integral over each absorption band is

connected with the oscillator strength:Z
rAðmÞdm ¼ pe2

4pe0mc
fcalc�ed ð3Þ

where rA mð Þ is the absorption cross-section of a single ion.

This quantity multiplied by the number of ions per unit

volume, N, gives the absorption coefficient, a.

Optical absorption at wavelengths shorter than 300 nm,

where besides the internal 4fN ones, transitions to 4fN-15d

levels are observed, is not taken into consideration as these

wavelengths do not form part of the solar spectrum

reaching the earth and utilised by a solar cell on the earth’s

surface.

As a result we obtain the following absorption coeffi-

cient for 1 9 1021 ions/cm3 Tb3? in fluoride glass (Fig. 1).

The intensities are calculated with a step of 5 nm to make

them suitable for use by the solar cell simulation program.

The spectrum is modelled in such a way that the integral

over the spectral region remains equal to the sum of inte-

grals of type (3) for all the absorption lines between 300

and 1200 nm. At the same time the spectral distribution of

intensities corresponds to the ones of the calculated

absorption lines.

Table 1 Values of the Judd–Ofelt parameters used in the calculations

[17]

Parameter: X2 X4 X6

Value 9 1020 cm2: 13.40 2.15 4.90
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Fig. 1 Calculated absorption coefficient for 1 9 1021 ions/cm3 Tb3?

in fluoride glass
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In order to calculate the emission spectrum of Tb3? ions

in a transparent matrix irradiated with the AM 1.5 solar

spectrum we implement the following procedure. First we

calculate how many photons from the falling solar spec-

trum per second per unit area are absorbed in each Tb3?

absorption line, which is within the wavelength range of

that solar spectrum. For this purpose we use the above

absorption cross-section and the number of Tb3? ions per

square centimetre in the wavelength converter layer or

plate we want to assess. In this way the number of ions per

square centimetre of the device excited to a given 4fN level

of Tb3? per second are calculated. Tb3? has two emission

levels—5D3 (26,800 cm-1) and 5D4 (20,500 cm-1)

(Fig. 2). All electrons excited to levels above the 5D3 level

thermalize by non-radiative transitions to that level as the

energy gaps between them are small (process 1 in Fig. 2).

The spontaneous radiative emission rate from level a to

level b is given by [15]:

Aab ¼
64p4m3

3hc3 2J þ 1ð Þv
0
edSed ð4Þ

where v0ed = n(n2 ? 2)2/9, J the quantum number of the

total angular momentum of the initial level a, m the fre-

quency of the transition. Sed are the line strengths calcu-

lated using (1), the Judd–Ofelt parameters in Table 1 and

the reduced matrix elements for the radiative transitions of

the Tb3? ion given by Kaminskii [18].

The branching ratio bab for the radiative transition from

a level a to a lower lying level b is given by [15]:

bab ¼
AabP
b Aab

ð5Þ

where the sum in the denominator is over all lower

lying levels. For the 5D4 level b denotes the 7FJ

(J = 6,5,4,3,2,1,0) levels (Fig. 2). For the 5D3 level the

sum is over the same 7FJ levels plus the 5D4 level to which

there is a small but finite spontaneous radiative emission

rate. There is another channel for populating the lower 5D4

level of Tb3? at the expense of the higher 5D3 one—cross-

relaxation with a nearby ion in the ground state during

which the energy of the 5D3 ? 5D4 transition is transferred

to the 7F6 ? 7F0 transition of the unexcited ion as

the energies of these two transitions are practically

equal. In [19] the intensity ratio between the green

photoluminescence (PL) originating from the 5D4 level

and the blue PL originating from the 5D3 level for 1 mol%

Tb is measured to be 3.9. This is the ratio we use in our

calculations. To achieve this we presume a branching ratio

of 0.7 for the resonant cross-relaxation process which

transfers electrons from the 5D3 to the 5D4 level.

bCR ¼
WCR

WCR þ
P

b Aab
¼ 0:7 ð6Þ

where WCR is the resonant cross-relaxation rate.

In our model we presume that the Tb concentration is

lower than that above which the PL intensity begins to fall

because of concentration quenching. In different publica-

tions this value varies. For example, as demonstrated in

[19–21] appreciable concentration quenching sets in above

1–5 mol% Tb3?, which would mean above 1021 ions/cm3

depending on the material, or distances between the Tb3?

of less than 10 Å. In our calculation we presume lower

concentrations of Tb3?, which for the three densities per

unit area used would mean luminescent plates of less than

3 mm thickness.

The calculated number of excited ions to each level

returns to the ground state by a series of non-radiative (1 in

Fig. 2) and radiative (2 in Fig. 2) or cross-relaxation (3 in

Fig. 2) and radiative (4 in Fig. 2) transitions according to

the corresponding branching ratios. The emitted photons

per second in all directions from a unit area of a layer

containing 7 9 1018 ions/cm2 Tb3? (which could be, for

example, 70 lm thick with a concentration of Tb 1 9 1021

ions/cm2) and irradiated with the AM 1.5 solar spectrum

have the spectral distribution shown in Fig. 3. It is calcu-

lated in the way described above with a presumed quantum

efficiency of the fluorescence of 1. In fact the LQE of the

Tb3? emission measured at room temperature in [17] is

0.672 and in our calculations we use either this as the value

for the LQE or LQE = 1 for comparison. The intensities

are calculated with a step of 5 nm to make them suitable

for use by the solar cell modelling program.
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Fig. 2 Energy level diagram of Tb3?. The dotted arrow illustrates

the non-radiative transitions to the 5D3 level. The solid arrows
indicate the radiative transitions. On the left side the long dash line
illustrates the resonant cross-relaxation process that takes place

between neighbouring Tb3? ions. The numbers point to the different

relaxation processes as described in the text
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For the purpose of testing the influence of a wavelength

converter containing Tb3? ions on the performance of thin

film solar cells the following scheme is used. We suppose

that a glass layer or plate containing these ions has been

placed in front of a thin film solar cell. The solar AM 1.5

spectrum passes through this glass layer and is modified

by the absorption and emission of the rare earth ions in it.

The modified spectrum (Fig. 4) falls on the solar cell and

we calculate the cell’s J–V characteristics using this

modified spectrum. This approach is similar to the one

used in [2]. According to the analysis made in [6] taking

into account the refractive index of the fluorescent glass

plate (n = 1.57) the fraction of photons emitted by the

Tb3? ions which falls on the front window of the thin film

solar cell is 0.885. This analysis takes into account the

fact that the PL is emitted spherically in all directions and

part of it escapes at the top interface with air of the

fluorescent plate depending on the incidence angle, part of

it is reflected back towards the cell and some of the light

propagating in the direction of the cell is reflected back

by the interface. We use this coefficient in all our

calculations.

The model cells used for estimating the effect of Tb3? as

a wavelength converter are two: an amorphous silicon and

a microcrystalline silicon pin solar cell. The amorphous

silicon pin cell is similar to the one used in [2] consisting of

glass/TCO/p a-SiC:H/i a-Si:H/n a:Si:H/Ag, with layer

thicknesses of 1 mm, 1 lm, 8, 500, 20 and 200 nm,

respectively. The microcrystalline pin solar cell consists of

glass/ZnO/p lc-Si:H/p/i lc-Si:H/i lc-Si:H/n a:Si:H/Ag

[22], with layer thicknesses of 1 mm, 70, 30, 10, 800, 15

and 200 nm, respectively. Both solar cells are modelled

with the program Afors-Het 2.2 [11, 12].

The program Afors-Het 2.2 (Automat FOR Simulation

of HETerostructures) is a numerical simulation tool, which

makes it possible to model heterojunction semiconductor

devices. It was developed at the Hahn-Meitner Institute in

Berlin (HMI) [12] and is distributed free of charge. The

program solves the one-dimensional semiconductor equa-

tions using Shockley–Read–Hall recombination statistics

for thermodynamic equilibrium and for steady-state con-

ditions under an external illumination and/or bias voltage.

A solar cell can be modelled as a series of electrical and

optical layers. Each layer has a number of parameters

defined for it including a file containing data for the

absorption and refraction coefficients of the material. The

electrical layers are the silicon p, i and n layers and the

optical ones are the glass substrate, the transparent con-

ductive oxide and the back metal contact. In order to cal-

culate the generation profile within the electrical layers,

internal multiple reflections are considered. Within each

layer, it can be specified whether these multiple reflections

should be treated as coherent or non-coherent. The material

parameters used for the modelling of the a-Si:H cell are

standard ones supplied with Afors-Het 2.2 while those for

the lc-Si:H cell are taken from the low crystalline volume

fraction cell in [22].
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Fig. 3 Spectral distribution of emitted photons per second from a

unit area of a layer containing 7 9 1018 ions/cm2 Tb3? ions,

calculated in the way described in the text for LQE = 1. The

radiative transitions are indicated in the figure
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The calculated J–V parameters for the two model cells

under the standard AM 1.5 illumination are given in

Table 2 and their J–V characteristics and quantum effi-

ciency (QE) are shown in Figs. 5 and 6, respectively.

Results and discussion

The calculated results for the influence of the Tb3? con-

taining fluoride glass wavelength converter in front of each

of the two model solar cells are shown in Tables 3 and 4,

respectively. On the first line of each table the character-

istics of the solar cell without any wavelength converter are

shown. On the next lines the results of the calculations for

increasing amounts of Tb3? ions in the wavelength con-

verter are presented. The evaluations are made for two

LQEs of the Tb3? ions as indicated above: for LQE = 1 in

the first half of each table and LQE = 0.672 in the second

half. The application of the wavelength converter has an

effect primarily on the short circuit current (Jsc) of the solar

cell, the open circuit voltage (Voc) and the fill factor (FF)

stay practically the same. When there is an increase in Jsc

this leads to a higher efficiency and vice versa.

For the amorphous silicon cell (Table 3) there is a small

1% relative increase in the Jsc and the efficiency (g) only for

LQE = 1. It does not depend on the amount of Tb3? ions in

the wavelength converter and remains the same for the

three quantities studied. In the more realistic case of

LQE = 0.672 there is no effect for the lowest Tb3? con-

centration and a net decrease in efficiency for the two higher

concentrations. The reasons for this are discussed below.

For the microcrystalline silicon solar cell (Table 4) there

is a concentration-dependent increase in the Jsc and the

efficiency at LQE = 1. There is a slight increase of effi-

ciency even at LQE = 0.672 but it is very small and

decreases with Tb3? concentration. At LQE = 1 the rela-

tive increase in efficiency reaches about 2.3% in the best

case.

The short circuit current that could be generated if all

photons in the AM 1.5 solar spectrum between 300 and

390 nm, where the Tb3? ions absorb (Fig. 1) are wave-

length converted to longer wavelengths and productively

absorbed by the solar cell, is 1.1 mA/cm2. However, the

wavelength shifted photons are emitted with the corre-

sponding LQE as explained above, which in most cases is

lower than 1. Next it should be taken into account that the

Tb3? PL is emitted in all directions and due to the reflec-

tion by the surfaces of the fluorescent glass plate only a

0.885 fraction of these photons are incident on the solar

cell. They are converted into electrical current with

wavelength dependent QE as shown in Fig. 6, which again

is well below unity. So the actual expected additional Jsc is

much smaller.

On the other hand, as can be seen in Fig. 4 the amount

of absorbed photons in the region 300–390 nm begins to

saturate at the second amount of Tb3? (7 9 1019 ions/cm2)

as there simply are no more photons available. So the

number of wavelength shifted photons is not proportional

to the amount of Tb3? in the plate but varies sublinearly.

So the change in Jsc also saturates (Tables 3, 4).

Table 2 J–V parameters under AM 1.5 illumination of the model

cells calculated with the Afors-Het 2.2 program

a-Si:H lc-Si:H

Jsc (mA/cm2) 13.32 13.43

Voc (mV) 980 593

FF (%) 80.2 69.65

g (%) 10.46 5.55
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Fig. 5 Current–voltage characteristics of the two model thin film pin

solar cells a-Si:H and lc-Si:H used for the calculation
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Besides it should be noted that in the wavelength range

360–390 nm the a-Si:H solar cell has QE approximately

60% and the wavelength conversion of phonons in this

range probably does not lead to their more effective util-

isation by the solar cell. Maybe this is the cause of the

actual fall in efficiency for the a-Si:H solar cell in the case

of LQE = 0.672. An argument for this is the fact that the

fall in efficiency increases with the amount of Tb3? in the

plate, i.e. with the absorption in the short wavelength

region (Table 3). A similar consideration is true for both

cells, a-Si:H and lc-Si:H one, for the photons absorbed at

488 nm (7F6 ? 5D4 transition) (Fig. 4) where the quantum

efficiencies of the cells are good and the photons are

wavelength converted with efficiency of less than 1 to

longer wavelengths where the QE of the cells is not that

much greater (difference of 5–10%).

The fact that the a-Si:H solar cell sees less improvement

by the Tb3? wavelength converter than the lc-Si:H one is

due to its better QE in the blue part of the spectrum.

The combination of the factors mentioned above is

reflected in the calculation results presented in Tables 3

and 4. From the data it can be inferred that the increase in

solar cell efficiency due to the use of Tb3? wavelength

converters is small or non-existent. With the highest

number of Tb3? ions studied practically all the falling

radiation in the spectral region where these ions absorb is

converted so there is not more scope for improvement. In

fact for the case of LQE = 0.672 and the higher numbers

of Tb3? ions per unit area (7 9 1019 ions/cm2 for the

a-Si:H cell and 2 9 1020 ions/cm2 for both cells) the Jsc of

the cells starts to fall in comparison with the lower Tb3?

amounts for the above-mentioned reasons. These results

are comparable to those cited in Table 2 of [7] for the

application of Tb3? in a fluoride glass as a wavelength

converter for a-Si solar cells and our experimental findings

reported in [23].

The above considerations let us conclude that an ideal

wavelength converter should not absorb in wavelength

regions where the solar cell has a good efficiency and

should emit with a high LQE at the peak of the QE of the

cell to which it is applied.

Conclusions

The model calculations performed demonstrate that there is

a very small increase in the efficiency of the studied thin

film silicon solar cells when a transparent wavelength

conversion layer or plate containing Tb3? ions is placed in

front of them. This improvement is limited to a 0.1%

addition to the efficiency of each cell studied or a relative

efficiency increase of 1 and 2.3% for the a-Si:H and the

lc-Si:H cell, respectively. And this is only true when the

LQE is presumed to be near unity. As most of the falling

radiation in the wavelength region where the Tb3? ion

absorbs is converted at the highest Tb concentration stud-

ied, a much better performance for this combination of rare

earth ion and type of solar cells could not be expected.

Table 3 Results of the

modelling of the a-Si:H cell

illuminated with the AM 1.5

spectrum modified by different

amounts of Tb3? ions per unit

area given in the first column

Tb3? (ions/cm2) Jsc ± 0.02

(mA/cm2)

Voc ± 2 (mV) g ± 0.02 (%) FF ± 0.2 (%) Relative increase

in efficiency (%)

0 13.32 980 10.46 80.2 –

7 9 1018 LQE = 1 13.46 980 10.57 80.1 1.05

7 9 1019 LQE = 1 13.45 980 10.55 80.1 0.86

2 9 1020 LQE = 1 13.46 980 10.56 80.1 0.95

7 9 1018 LQE = 0.672 13.31 980 10.45 80.1 -0.1

7 9 1019 LQE = 0.672 13.16 980 10.33 80.1 -1.2

2 9 1020 LQE = 0.672 13.13 979 10.30 80.1 -1.5

Table 4 Results of the

modelling of the lc-Si:H cell

illuminated with the AM 1.5

spectrum modified by different

amounts of Tb3? ions per unit

area given in the first column

Tb3? (ions/cm2) Jsc ± 0.02

(mA/cm2)

Voc ± 1 (mV) g ± 0.01 (%) FF ± 0.1 (%) Relative increase

in efficiency (%)

0 13.43 593 5.55 69.65 –

7 9 1018 LQE = 1 13.62 594 5.635 69.7 1.2

7 9 1019 LQE = 1 13.68 594 5.67 69.7 2.0

2 9 1020 LQE = 1 13.71 594 5.68 69.75 2.2

7 9 1018 LQE = 0.672 13.49 594 5.58 69.7 0.54

7 9 1019 LQE = 0.672 13.44 594 5.565 69.8 0.36

2 9 1020 LQE = 0.672 13.43 594 5.56 69.8 0.0
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Comparison with the experimental data in the literature for

this kind of ion confirms these findings.
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