A comparison of the vacuum evaporated CdTe for substrate and superstrate solar cells
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ABSTRACT: The structural properties of CdTe layers grown on different substrates were characterized for their application in

“substrate” and “superstrate” type solar cells. Gdated CdTe layers in substrate configuration have large grains upuo 10
with well defined shape and the (111) preferred orientation is retained. Na has a strong influence on the crystallizkgmn and e
tronic properties of the CdTe layers. As-deposited and £ui€dted CdTe layers on alkali free glass have small but more com-

pact grains, the layers are always (111) oriented. The solar cells in substrate configuration exhibit low efficiency, but in

superstrate configuration high efficiency cells were obtained: 11% with evaporafes &bd 12% with Cu/Au contacts.
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1. INTRODUCTION

CdTe/CdS is one of the most promising solar cell for low

cost and high efficiency conversion of solar energy into
electricity. Solar cells with efficiencies of 10 to 16% have

been obtained with CdTe grown by close space sublimation,
electrodeposition, spray pyrolysis, vacuum evaporation and

RF sputtering methods [1]. In the most common superstrate
configuration metal back contact/CdTe/CdS stacked layers

are grown on transparent conducting oxide (TCO) coated
glass substrate and the cell is illuminated from the glass
substrate side.

Itis known that a “CdGltreatment’/annealing in air is very
important for high efficiency cells. These treatments are
necessary for the recrystallization and p-type conductivity
conversion of CdTe layers, as well as for the intermixing of
CdS-CdTe. An optimum annealing condition is required for
the formation of an appropriate CdTeS, intermixed
interface. It is desirable to separately control the CdTe
recrystallization and intermixing. This is difficult in super-
strate configuration because the CdS layer is already present
during the recrystallization of CdTe. However, this can eas-
ily be performed in the substrate configuration: i.e. TCO/
CdS/CdTe/metal-contact/glass. In this configuration the
light is incident from the top TCO side (and not from the
glass substrate) [2-3]. The advantage of this configuration is
that it extends the possibility to first recrystallize the CdTe
layer and then activate the junction by independently con-
trolling the CdS-CdTe intermixing. The efficiency and sta-
bility of solar cells depend on the CdTe-back contact.
Earlier, we used Cu-Au back contacts in the superstrate con-
figuration. Now we have used vacuum evaporateslié&p

as a back contact for substrate and superstrate solar cells.

We have evaluated different materials that may form a good
contact with CdTe in substrate configuration. The paper
presents a comparative study of the photovoltaic and struc-
tural properties of CdTe layers grown on different back-
contact substrates.

2. EXPERIMENTAL DETAILS

2.1 Super strate configur ation

Commercially available fluorine doped Sp@TO) coated
soda lime glass substrates are used for the growth of super-
strate solar cells. CdS layers are grown in a high vacuum
evaporation chamber at a substrate temperature of 150 °C.
The optimum thickness of the CdS is about 500 nm. CdS
layers are then annealed in vacuum at 450 °C. The CdTe
layers are subsequently grown by evaporation of CdTe (6
nine pure) source material, at a substrate temperature of 300
°C with a growth rate of 4m/h. The typical thickness of
CdTe layer is in the range of 3 tu#. An optimized CdGl
treatment at 430 °C is applied on the CdTe/CdS stacks [5-
6]. The surface of the CdTe layer is etched in a bromine-
methanol solution prior to the deposition of Cu/Au layers or
Sh,Te; for back contacting on CdTe.

2.2 Substrate configuration

For the growth of solar cells in this configuration the choice
of an appropriate metal or semiconductor surface is critical,
because this layer has to form a low resistance Ohmic con-
tact with CdTe. We have evaluated Cu-Au, Mo, Te-Mo,
Sh,Tes-Mo as back contact layers on glass substrates.

First a layer of 0.5um thick molybdenum is deposited with

a DC magnetron sputtering system either on a soda lime or
alkali free glass. Thin layer of $be; or Te were deposited

in an ultra high vacuum chamber with a substrate tempera-
ture of 200 °C. CdTe layers are grown at 300 °C in the same
chamber without breaking the vacuum. For the Gd@hat-
ment, vacuum evaporation is used for the deposition of
CdCl, layers on CdTe and the stacks are annealed at 430 °C
for 30 minutes in air.

After washing CdTe in water, CdS is then deposited in a
high vacuum chamber at a substrate temperature of 150 °C.
Before evaporation, the fluxes of CdS and CdTe are con-
trolled by an UHV ionization gauge (Balzers IMG-U2), and



after evaporation, the thicknesses are measured with a pro-
filemeter (Dektat 3030). The CdTe thickness is about 3 to 4

pm and CdSis about 0.5 um thick in a standard deposition.
After the growth of CdS layers, the CdS/CdTe stack is
annealed in air at 430 °C or given a Cgi@katment by
annealing at 430 °C.

For the front contact a layer of ZnO:Al is deposited on the
CdS surface by RF sputtering at room temperature.

3. STRUCTURE PROPERTIES OF CdTe

We have previously shown [4-5] that the growth and mor-
phology of CdTe depend strongly on the substrate on which
itis grown. After the CdGltreatment a large increase in the
grain size is observed. The C¢Glicts like a sintering flux

in CdTe as small grains grow and coalesce together, but it
also causes the widening of grain boundaries. Wider grain
boundary regions are not desired because they may affect
the parallel conduction across the grain boundaries as well
as they may also cause the shunting of solar cells by provid-
ing a conducting link between the top and bottom elec-
trodes. For high efficiency and stability large grained and
compact CdTe is required.

Figure 1: SEM images of CdTe surfaces. Top; as-deposited
CdTe on Mol/glass (left) and on CdS/FTO (right). Bottom;

CdCl, treated CdTe on Mo/glass (left) and on CdS/FTO
substrate after Cdgtreatment (right). The substrate is soda

lime glass.

As shown in figure 1 the as deposited CdTe layer on Mo is
compact and it consists of grains of uH to 2um size.

The morphology is rough due to irregular shape and size of
grains. This condition is similar to the as deposited CdTe on
CdS/FTO/glass, even if in this later case the shape and size
of grains are more randomly distributed. After Cg@éat-
ment, the CdTe layer on Mo/ glass has grains with well
defined shape but different grain size ranging fropmBto

10 pm. CdC}, treated CdTe on CdS/FTO/glass is very dif-
ferent, with grains of random shape and size qfrth to 10

pm.

The layers on Sfes/Mo/glass (see figure 2) exhibit a dif-
ferent microstructure. In the as deposited case the grains
have homogeneous shape and size of about juto, 2and

they are very compact. After CdCtreatment, the grains
enlarge up to $m with wide grain boundaries.

In figure 2 are also shown CdTe layers grown opT8y

Mo, but onalkali free glass substrates. The morphologies of
CdTe, grown under identical conditions, on alkali free and
soda lime glasses are substantially different. On alkali free
glass, in the as-deposited case the grains have a size of
about 0.1um-0.5pum and they are homogeneous in shape.
After CdCl, treatment, the layers are very compact (narrow
grain boundaries) and the size of grains is much smaller
compared to the other treated layers on soda lime substrates
(1 to 5um).

Figure 2.SEM of as-deposited (top) and Ce¢QGiteated
(bottom) CdTe layers on soda lime (left) and alkali free
(right) substrates. The layers are grown onT8§Mo
coated substrates.

The influence of substrate on the growth of CdTe is also
evident from the X-ray diffraction (XRD) measurements.
As shown in figure 3, CdTe in the substrate configuration
has a pronounced (111) preferred orientation, which is not
the case for CdTe in superstrate configuration. Even after
the CdC} treatment, CdTe layer in substrate configuration
is still (111) oriented. While in the superstrate configuration
the (111) preferred orientation is almost lost. In figure 4 are
shown the XRD patterns of CdTe grown on alkali free glass.
A comparison with figure 3 clearly indicates that the
sodium has a very strong influence on the orientation. The
as-deposited layer has a strong (111) orientation and the
CdCl, treatment does not change this preferred orientation.

1000 10000

111

8000
111

6000

—— glass/Mo/CdTe as deposited B
—— glass/FTO/CdS/CdTe as deposited

11
422
= 531 533

100 a0 Y &0
two theta.

4000

counts (arb. units)
counts (arb. units)

2000
511
e

© Y &0 100
two theta
8000

o004 | 111

111 —— glass/FTO/CS/CdTe CdCl, treated

000
— glass/Mo/CdTe CdCl, treated

422
311
511
220
A

a0 & &0
two theta

Figure 3: X-Ray diffractograms of CdTe on Mo/glass (left)
and CdTe on CdS/FTO/glass (right): as-deposited (top),
treated (bottom) conditions. The substrate is soda lime
glass.
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This is in contrast to that on soda lime substrates. From
these results, together with the SEM observations, it is
clearly evident that the sodium has a strong influence on the
recrystallization of CdTe grains. It has been reported that
the efficiency of superstrate cells on akali free glass is
higher than those on soda lime glass, a higher | 4. of the cells
on Corning glass was attributed to a better transparency of
the alkali free glass [6]. We believe instead, that this differ-
ence ismore to be attributed to a different growth and orien-
tation of CdTe. In addition the electrical influence of
sodium in CdTe should be considered. As described by
Altosaar [7], Naon Cd site is an acceptor, while it may aso
form a complex donor-acceptor pair (Nacy-Cl) after the
CdCl, treatment. Therefore the carrier concentration of
CdTe on soda lime and alkali free glass will be different due
to the doping effects of Na
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Figure 4: X-ray diffractograms of CdTe on Mo/glass: as-
deposited (bottom) and treated (top). The substrate is
alkali free glass.

In figure 5, the diffractograms of CdTe grown on ShyTey/
glass are shown. It is clearly seen that the CdCl, treatment
has a different effect on this layer; in the as-deposited case
the CdTe is (111) oriented and almost no other peaks are
present. For the CdCl, treated layer the (111) orientation is
completely lost, and the (311) and (422) peaks are the stron-
ger. Once again the observations suggest that the growth of
CdTe is affected by the substrate. Therefore different back
contacts provide different template for the growth of CdTe
and the microstructure of the layer isinfluenced.

4. JUNCTION FORMATION WITH CdS

Heat treatment of the CdS/CdTe stack is necessary for inter-
facial intermixing and junction activation. In case of the
superstrate solar cells, CdS-CdTe interdiffusion aready

takes place during the deposition of CdTe on CdS at 300 °C.

However, in the substrate configuration CdS is grown at a
low temperatures of 150 °C. Therefore high temperature
annealing is still required for an optimum intermixing even
if the CdTe is already recrystallized in CdCThe intermix-

ing and photovoltaic properties are better when CdS/CdTe
substrate cells are annealed in presence of £dCl
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Figure 5: X-Ray diffractograms of CdTe on gkes/Mo/
glass: as-deposited (bottom) and Cg@éated (top). The
substrate is soda lime glass.

5.SOLAR CELL PERFORMANCE

One of the difficult task in processing a CdTe solar cell in
substrate configuration is to have a stable back contact. Dif-
ferent back contacts, such as Cu/Mo, Mo, T®§Mo were
evaluated. Solar cells with Cu/Au contact were shorted
because of the diffusion of Cu in CdTe during its growth
and recrystallization. Cells on Mo or Jies also exhibited
poor performance (<2%), as shown in figure 7 thei¥in

the range of 300 mV to 400 mV and the cells have a low FF.
However high efficiency cells are obtained in superstrate
configuration. Fig 7 shows I-V curves of solar cells with
evaporated Sfieg back contact (\,=751 mV, L=24.8
mA/cn?, F.F.=59% n=11%) and Cu-Au back contact
(Voc=795 mV, =23 mA/cnf, F.F.=67%n=12%). The
cells with Cu-Au back contact exhibit higheg\and F.F.

but they have long term stability problem during migration
of Cu.
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Figure 7. |-V performance of superstrate and substrate
solar cells. The efficiency of $bes contacted cell is 11%.

6. CONCLUSIONS

A comparative study of the structural properties of CdTe
layers on different substrates have been performed. The



development of substrate type solar cell requires an appro-
priate substrate. Despite of large grain size of CdTe on Mo/
glass and ShyTes/Molglass, the cell efficiencies are rather
low (<2%). With Cu/Mo contacts the cells are shunted. In
contrast to this, the same back contact materials when used
in superstrate configuration yield high efficiency céls e.g.
11% and 12% cells with evaporated Sh,Te; and Cu/Au con-
tacts. It has been observed that Na has a influence on the
microstructure and orientation of CdTe layers. Na may
affect the carrier concentration in CdTe by substitutional
doping at cation vacancy site or forming a donor-acceptor
pair. The structure and electronic influence on Na on the
efficiency of solar cells should be investigated further.
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