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ABSTRACT: Solar cells are usually characterised under standard test conditions (STC), which do not resemble realistic
operation conditions, especially for indoor applications where the cells operate at much lower irradiances than for out-
door applications. The potential of CdTe/CdS solar cells developed in our laboratory for low irradiance applications typ-
ical of indoor use is investigated and compared to conventional cell materials like c-Si and GaAs. Parameters of the
IV-characteristics are normalized to the STC values for comparative analysis. The CdTe/CdS cells show a superior rela-
tive efficiency and voltage at low intensities than the c-Si and GaAs cells. The CdTe/CdS solar cells with STC efficien-
cies of around 11 % retain around 8 % efficiency at 1 W/m? and the V,,; remains as high as 600 mV under the same
conditions. Together with a low cost production the suitability of these CdTe/CdS cells for indoor application is preemi-
nent, especially for applications requiring high voltages.

This study gives an insight on the irradiance dependent performance of different solar cell materials, as well as explana-
tions of the observed dependencies by analysing the underlying transport phenomena. Therefore irradiance was varied
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over almost 5 orders of magnitude.
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1. INTRODUCTION

Solar cells are usualy characterised under standard test
conditions (STC) according to the IEC norm [1], which is
1000 W/m? perpendicular irradiance with a AM1.5 global
spectrum at 25°C cell temperature. Although this is a satis-
factory procedure, to get comparable cells performance
data, it does not represent the real conditions under which
solar cells work, either for outdoor or for indoor applica-
tions. While for outdoor applications a typical irradiance, of
50 - 1000 W/m? can be expected, indoor applications often
have to operate at much lower irradiances, as low as
0.1 W/m2. Human eyes have a logarithmic sensitivity and a
fast assimilation of changes in light intensity, which makes
it difficult to judge the intensity by the eye alone. A typical
office illuminated by fluorescent tubes exhibits an intensity
of some W/mZ at desk level. Especially in the low intensity
region of 0.1-10 Wim2, cell parameters can change
strongly and are especially dependent on the cell material as
well as the production process.

In former studies, on outdoor performance of solar
modules in general [2] and on CdTe modules in particular
[3], it was found that CdTe modules show a maximum effi-
ciency and FF for medium irradiances in the range of
200 - 400 W/m2. A more detailed study on outdoor per-
formance of CdTe modules analyses the FF dependence on
irradiance [4]. Suitability of solar cells for indoor applica-
tions is investigated comparing 6 different materials [5].

This paper focuses on the low light level performance
of HVE CdTe/CdS solar cells in comparison to conven-
tional solar cell materials such as c-Si and GaAs.

2. EXPERIMENTAL DETAILS AND RESULTS

The CdTe solar cells have been developed using a high

vacuum evaporation (HVE) process at low superstrate tem-
perature [6]. Typical performance of these cells is in the
range of 10-12.5% efficiency (STC). For comparison,
4 cm? c-Si cells from Hamamatsu and GaAs cells from FhG
ISE (Germany) were used. IV-measurements were carried
out using a halogen lamp. Irradiance intensity was changed
by applying screen printing meshes in order to maintain the
same spectrum and homogeneity. The cells were shaded
with an aperture during the measurements preparation and
only illuminated during the short period of measurement to
prevent an increase in cell temperature and any so called
light soaking effects, which are apparent for thin film solar
cells. For CdTe these light soaking effects are generally
beneficial since meta stable traps get filled and do not
annihilate current by recombination. The error in the abso-
lute efficiency determination for the system is about 5 %.
Due to the use of halogen lamps, the spectrum is red
weighted and the measurements were not corrected for the
spectral mismatch. Since only relative values will be com-
pared in the following, systematic inaccuracies are elimi-
nated.

For the fitting and the simulation of the IV-characteris-
tics a general diode model was used. The fitting was done
using a simplex algorithm [7]. The 1-diode model was taken
for simplicity and comparability reasons, taking into
account that the accuracy of the parameter determination
might be lower. However, more advanced models are not
applicable for all type of cells, especially for the CdTe cells,
which are not suited for a diode-fit when a high back con-
tact barrier is apparent and the IV-characteristics show a
pronounced roll over at high forward bias.

In order to compare the irradiance dependent perform-
ance of different cell materials the main cell parameters like
efficiency, V,c and FF will be given as relative values nor-
malized to unity with respect to the STC value.
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2.1 Diode Modél
The |V-characteristics have been fitted to the conven-
tional 1-diode model

q(V-JR) U-JR
(V) = Jm%xst-lg- Ion* g ® (1)
P

where n is the quality factor of the diode, k the Boltzmann
constant, T the absolute Temperature, g the electron charge,
Jo1 the dark current density of the diode, J, the photo gen-
erated current density and R and R, the series and the paral -
lel resistances. From the 1-diode model an approximation
for the open circuit voltage V,, where J= 0 can be derived

nkT
Voo =T |n%1—:g )

For ideal pn-junctions the assumption can be made that
n and Jy; are constant with irradiance G. Since Jg; can be
assumed to be linear with G for all cells, it follows that

V,.01n(G). A3)

2.2 Variation of V¢, nand Jg; with Irradiance

The relative V. of the investigated cells normalized to
the STC value is shown in Fig. 1. The relative V. values of
the HVE CdTe/CdS solar cells remain higher than those of
the other cells especially at low intensities. At 0.5 W/m? the
Vo 1S 560 mV, still more than 71 % of the STC value. For
indoor applications which should operate under normal
office light conditions this means, an average V. per cell of
600 - 700 mV should be obtained.
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Figure 1: Relative V, vs. irradiance normalized to the STC
value.

Sincethegraphsin Fig. 1 are not strictly linear eqg. (3) is
not fulfilled for any of the cells. This indicates that either
the n or Jy; or both depend on G

The change of diode quality factor n with irradiance is
shown in Fig. 2. For c-Si cells an increase in n under lower
light levelsis evident while n decreases for GaAs and HVE
CdTe cells. According to eg. (2) this causes a decrease in
V. for GaAs and especially for CdTein the order of 2,
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Figure 2: The diode quality factor n vs. G extracted from the
1-diode fit of the measured | V-characteristics.

while c-Si should retain a high V. value. Instead, the rela-
tive V. for the CdTe retains the highest value, whereas
GaAs and c-Si show comparable behaviour. This leads to
the conclusion, that n(G) is not the sole determining factor
for the G dependent variation of V.

The value of n is determined by the type of current
transport mechanism in the cell. Typically avalueof n=1
is assigned to an ideal transport across the junction accord-
ing to the Shockley theory, which is diffusion and direct
recombination. A value of n =2 is assigned to predominat-
ing defect recombination via mid gap states in the space
charge region, i.e. Shockley-Read-Hall (SRH) recombina-
tion. Values higher than 2 are possible by multi recombina-
tion steps or multi step tunnelling [8].

In case of the HVE CdTe/CdS solar cells, the decrease
of n under lower intensities indicates a change in transport
mechanism corresponding to amore ideal junction. Assum-
ing a constant contribution from defect recombination and
direct transport via the junction, it seems a tunnelling trans-
port is dominant at higher injection rates, i.e. high irradi-
ance. Thisis supported by voltage biased QE measurements
that evidence the presence of a barrier in the front of the
junction [9]. In contrast, the c-Si cells show a near ideal
behaviour under STC, whereas in lower injection mode,
SHR recombination becomes important.

Since variation of n does not explain the behaviour of
Voc(G), it is necessary to further investigate the dependency
of the dark current density Jy; on the irradiance, see Fig. 3.
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Figure 3: Dark current density Jo; vs. G derived from the
1-diode fit of the IV-characteristics.
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For the GaAs and the CdTe cells Jg; increases enor-
mously with irradiance, up to 5 orders of magnitude. Thisis
the main cause for aretained higher V. at low light levels.
It also indicates that the diode quality of the pn junction suf-
fersfrom arising Jo;, which possibly is due to parasitic cur-
rents that become more important for higher injection. The
Jop Of the c-Si cellsin contrast islow at STC and increases
towards lower intensities. This compensates the effect of
n(G) on V. in the opposite way as for the CdTe/CdS and
GaAscdlls.

The approximation in eq. (2) excludes the influence of a
shunt resistance R, which will become important if Ry
becomestoo low. Inthis case, alow R, acts similar to ahigh
Joz and reduces V.. Thiswill be analysed in the following.

2.3 Variation of FF, Rp and Ry with irradiance
Another important parameter isthefill factor FF, which
determines the efficiency to a great extent. The fill factor is
given by
FF = (Vipp Dinpp)” (Vo Do) 4

the index mpp denotes the maximum power point (MPP).
We can assume that Jyy, - like Jg - islinear with G or devi-
atesonly minimal from linearity, so it can be neglected here.
Then, the FF is determined by the relation Vi, /Voc.
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Figure 4: Relative FF vs. irradiance.

Fig. 4 shows the relative FF(G) for the investigated
cells. It is difficult to get an expression for the irradiance
dependence of Vi, For irradiances below 20 W/m? the
relative FFs follow the behaviour of the V. For irradi-
ances from around 100 W/m? to STC the FFs decrease,
which indicates that Vg, increases more than Vi, This can
be explained by taking the resistances and their influence on
the MPP into account. Generally, the FF is limited by the
resistances, when the parallel resistance istoo small and the
series resistances too big. To deduce the influence of the
resistances on FF, the irradiance dependence of the resist-
ances R, and Rgare shown in Fig. 5.
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Figure 5: Parallel resistance R, (above) and series resistance
R (below) vs. G as extracted from the 1-diode fit of the
|V-characteristics.

The irradiance dependency of R shows a different trend
for each of the cells, while R for the GaAs cells is constant,
it decreases dightly for the c-Si cells and increases slightly
for the HVE CdTe/CdS cells towards lower intensities, but
all cells show reasonably small Rg. The fact that the Ry of
CdTe/CdS is higher than for the other cells originates from
the transparent oxide front contact, which is a highly doped
semiconductor with limited conductivity and not a metal
grid. R increases more or lesslinearly towards lower inten-
sties for al investigated cells. The lower values of R, at
high intensities cause a limitation of Vyy,, around STC. The
increase of towards lower intensities could be due to
photoconductivity in the cells. As expected, the naturally
defect rich micro-crystalline CdTe shows lower R, com-
pared to the mono-crystalline materials.

The efficiency will be determined by the irradiance
dependence of V. and FF, since 4 and Jy,, arelinear in G,
The actua behaviour can be seen in Fig. 6. The CdTe/CdS
solar cells made with the HVE process show the best rela
tive efficiency and the less decrease in efficiency towards
low intensities compared to the other cells. This means basi-
caly, that for indoor applications 80 % of the STC effi-
ciency is maintained for 2 W/m2. However, it should be
mentioned, that these results might only apply for the spe-
cific technologies used for the processing of the investi-
gated cells and could be different for same material cells
processed with a different technol ogy.
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Figure 6: Relative efficiency ng/ng vs. the irradiance G for
different cell technologies.

3. SIMULATION

To illustrate the influence of Ry, R, and Jy; on the volt-
ages and the FF, a simulation was carried out. The IV-char-
acteristics measured under STC served as a reference to
extract the diode model parameters of eg. (1). Varying only
one parameter in eg. (1) at atime, modified |V-characteris-
tics have been calculated and the change in Vi, Voc and
their relation, which is proportional to the FF, were evalu-
ated. The simulation parameters are given in Tablel. The
caculated |V-characteristic parameters can be seen in
Fig. 7.

Table I: Diode model parameters taken for simulation.
Parameters varied are indicated in bold.

Ref. lower higher lower higher lower

Ro Rs Rs R Jn

Rs 18 18 3 0.8 18 18

Rp 24e3 3e2 24e3 24e3 %) 2.4e3

Jor 25e-9 25e9 259 259 259 15e9
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Figure 7. Relative Parameters Preas/Psim Of Vinpp, Vo and
Vinpp/ Vo U FF for 1V characteristics simulated with param-
etersfrom Tablel.

Paper VB1.40

For the given parameters, changes in R, and Jo; have
similar effect on Vg and Vi, Thisresultsin amore or less
constant FF. Only the absolute values of Ve and Vi, are
changed. Since reference IV-characteristics has already a
high Rp almost no changes occur by simulating an infinite
Ry 1.8 Vo and Vi, do not improve. For lower R, Vi and
Vinpp @€ decreased, so R, acts as alimitation.

Changes of Rs do not effect Vi but effect Vi, strongly.
Therefore, the ratio of Vi, to Ve, which is proportional to
the FF, is changed strongly. The influence of Rg on the FF
should be considered when interpreting irradiance depend-
ent measurements, especially for series connections of cells
where Ry may become quite large.

4. CONCLUSIONS

CdTe/CdS solar cells are well suited for indoor applica
tions due to their good low irradiance performance. The
voltage remains especialy high at low light levels. Thisis
favourable for applications that need to provide high volt-
ages even under low irradiance conditions. Since the effi-
ciency retains a high value for low irradiance, i.e. still 8 %
for 1 W/m?, these type of solar cells are also suited for low
cost high power generators, e.g. for consumer electronics
operated indoors.

The current transport in the HVE CdTe/CdS cells
changes from a SHR recombination dominated transport at
low injection levels to a transport dominated by multi
recombination and/or tunnelling under STC.
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