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Intermixing and Diffusion Impact on CdS/CdTe/p* Regions (Te or ZnTe)/Cu/Au
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The polycrystalline CdS/CdTe thin film solar cell is one of the most important photovoltaic devices
for cost-effective generation of solar electricity for terrestrial applications. A typical superstrate structure
of CdTe solar cell has been studied through current-voltage (J-V) and secondary ion mass spectroscopy
(SIMS) measurements. A close correlation between quality of interphases and its photovoltaic efficiency
was determined. It was found an improvement of open circuit voltage (V) and efficiency associated
to CdS and CdTe thermal treatments, and a reduction of diffusion of S and Cd into CdTe and CdS
respectively. An efficiency of 12% has been reached on solar cells with a Te and ZnTe interlayer as part
of the back contact. Low diffusion of Cu along absorbent material was observed when Te and ZnTe
was used creating a stable back contact along the time. Diffusion and intermixing at each junction
SnO,:F/CdS, CdS/CdTe and CdTe/Te or ZnTe/Cu/Au was found, establishing limit values of element
diffusion along CdTe solar cells.
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1. Introduction

The photovoltaic trade has been dominated by crystalline
silicon technology, which requires high-energy intensive
processes. On the opposite side, thin film technology employs
deposition methods as simple as possible, low production
costs and high efficiencies. However, the efficiency of
PV devices is mainly influenced by charge transport across
the heterojunction formed by both materials: the window
and absorber material. So, the materials for photovoltaic
conversion could be selected considering the follow
characteristics as highly desired: a direct band gap with
values near to the visible light spectrum; and a high optical
absorption coefficient.

1.1. Window material and chemical bath deposition
(CBD) method

Chemical Bath Deposition (CBD) has proven to be
the best technology for CdS production due to it provides
a variety of routes to produce a functional film at relative
low temperatures by immersing a substrate in a chemical
solution'? allowing scale-up technological process for larger
deposition areas at lowest cost. CdS as window material must
be free of defects such as inter grain caves and pin-holes.
The CdS has a band gap value around 2.4 eV that causes
absorption of photo-generated carries in the short wavelength
region. The reduction of CdS thickness layer could improve
the short-circuit current density and blue response together
Fluorine Tin Oxide (FTO)>*.

*e-mail: chernandezex@gmail.com

1.2. Absorber material and deposition method:
CdTe by CSVT

The II-VI heterostructures based solar cells like CdTe
ones, are promising candidates because of its low cost
and high photovoltaic efficiency devices. The highest
reported efficiencies are not still near to the theoretical
limits (18 — 24%)3. The CdTe semiconductor material has
been used in photovoltaic devices as absorbent material,
CdTe has a band gap value of 1.5 eV, and it was obtained
by different techniques that allows get specific properties.
Techniques such as magnetron sputtering could fabricate
ultra-thin CdTe layer with crystallographic texture and
thickness around 0.5 and 1.28 um®, laser ablation technique
allows to obtain nanoparticles of CdTe and thin films around
1.8 and 3 pm with two different crystalline structures
(cubic and hexagonal)’$, spray pyrolysis technique has
been used to growth CdTe thin films from an aqueous
colloidal dispersion of CdTe obtaining a crack-free CdTe’,
electrodeposition technique is a viable technique to deposited
thin films due to simplicity, CdTe thin films was deposited
on flexible substrate obtaining grain size around 500 nm as is
reported by Mathew et al.'’, and close space vapor transport
(CSVT) equipment that allows created CdTe thin films
with adequate structural, optical, electrical properties''2.
Important characteristics are demanding for CdTe films;
stoichiometry, growth morphology, adequate crystalline
structure; in particular, CdTe growth with preferential
phase on (111) plane'.
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Additionally, a thermal annealing of CdTe thin films by
CdCl, plays an important role in the photovoltaic process; it
increases the CdTe grain size and reduce the grain boundary'#1¢,
The record efficiency into CdS/CdTe solar cells are 21.3%
at laboratory level and 16% at commercial solar panels'’.
These efficiencies, however, are well below of the theoretical
limit of about 30% calculated by Schockley and Queisser!®.

On the other hand, it is important to remark that the
transport could be strongly influenced by the quality of the
interphases during solar cell fabrication. In order to achieve this
the intermixing and diffusion are study on each step process of
CdTe solar cell by SIMS, SEM, EDS. Analyzing the diffusion
of elements that constitute the window material, absorbent
material, thermal treatments, and p* regions (Te or ZnTe) the
last ones have been proposed as interlayer between the CdTe
film surface and the metallic layer. These regions allowed
to get a smoothed CdTe surface and consequently a better
alignment of the bands that clearly reduced the potential
barriers'. Bitzner et al.? different etching treatments process
produce a conducting Te layer that allow get stable and
non-rectifying back contact. On another hand ZnTe regions
has been implemented resulting in an improvement on open
circuit voltage and efficiency using 300nm of thickness®';
Zn accumulation has been detected at the edge of Cu Te
cluster that are former after ZnTe deposition on CdTe?? and
efficiencies about 15% has been reached using ZnTe films
around 35nm?. However, at the back contact is important
determine what are the principal problematics on the solar
cells conformation. Finally different solar cells devices
were developed to understand the electrical behavior of
each solar cell considering the intermixing and diffusion
along the solar cell.

2. Experimental Details

2.1. Thin films growth

CdTe solar cells were grown in a superstrate configurations
onto commercial SnO,:F substrates (FTO). CdS thin
films were grown by CBD on FTO substrates treated
chemically on HCIL, as a precursor solution were used
NH,CI (0.2 M), CdCl, (0.12 M), NH, (2M) and (NH,),CS
(0.3M) at temperature of 70°C for 4 min. All samples
were thermally treated in air (TT ) at 450 °C for 60 min.
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CdS films shown thickness about 60 nm and 85% of
transmittance with a band gap value of 2.42 e¢V?. The
CdTe films were deposited on CdS thin films by using
CSVT equipment. CdTe source powder Sigma Aldrich®
with a purity of 99.99% (0.0130g + 0.0005g) was set up
in evaporation chamber (see Figure 1). A thermal gradient
between source and substrate blocks of 100 °C was used,
the vacuum degree for the deposition process is 10-'Torr
considering an atmosphere of 50% Argon (Ar) and 50%
Oxygen (O,) atmosphere was used by 3min (deposition time).
The CdTe thickness layer was around 3 pm. CdTe films were
thermally treated with CdCl, (TT_,,) and Ar atmosphere
during 3 min on CSVT system, after that samples were cleaned
with distilled water to remove remnants of CdCl, grains and
dry with Nitrogen (N,) gas. The CdS/CdTe junction was
activated by thermal treatment in air at 450°C for 30 min.
After that to enhancement CdTe solar cells and study the
effect of p* regions Tellurium (Te) and Zinc-Tellurium
(ZnTe) were deposited on different samples. To deposited
Te, a compound is collocated on a graphite container into
CSVT system using a substrate temperature of 300°C by
30 min (see Figure 1), it allows get a nanostructured region
on CdTe, additionally a thermal treatment is done by 20 min
on air to recrystallize this region. On the other hand, a ZnTe
region is deposited on CdTe using an inert atmosphere (Ar)
during 3 and 5 min using a temperature gradient of 500°C
and 700°C respectively. Finally, standard back contacts
consist of an evaporated Cooper (Cu) / Gold (Au) layer?2.

Layer thicknesses were measured with a step profiler
(Sloan Dektak II). The morphology of the surface samples
was analyzed by a scanning electron microscope (SEM) JEOL
series JSM7X and elemental analysis EDS was obtained using
an EDAX detector with a spectral resolution of 129 eV and
0.001 cps/eV using an acceleration voltage of 10 kV. K-line
and L-line were used to detect (Cd, Te, Cl, S, Sn and O).
APB-ZAF correction method was applied. In order to investigate
the abruptness of the interphases generated, secondary ion
mass spectroscopy (SIMS) depth profiling were performed
by using an IONTOF 5 spectrometer; the measurements were
obtained by using liquid bismuth source at 30 keV for analysis
and Cesium beam at 1 keV for sputtering. Considering an
incidence beam at 45 nominal degrees. Craters of 400 pm?
were eroded but only 200 um? were considered for analyses;
this one to exclude boarder effects on measurements.
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Figure 1. Schematic diagram of CSVT system used to growth and thermal treatments.
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2.2. CdTe solar cells

CdTe solar cells has been developed along time,
and different analysis were made to understand the
behavior of each material in this kind of devices.
This work establishes an understanding about intermixing
or diffusion between interphases by SIMS and SEM. Five
prototypes solar cells were considered for this purpose
as is observed in Table 1.

CdTe solar cell structure is showed in Figure 2a. These
solar cells were developed as is detailed in Figure 2b
to analyze each step of the process (window material,
absorbent material, back contacts). I-V measurements
were obtained with a (Sol3A Class AAA Solar simulator
IEC/JIS/ASTM, 1000 Watt Xenon) equipment with a light
source of (100mW/cm? — AM1.5) and a QEPVSI-b Oriel
Instrument was used to obtain the spectral response and
quantum efficiency values.

3. Results and Discussion

3.1. Intermixing and diffusion analysis in thin films
layers at intermediated steps

Trial structures based on CdS/CdTe were fabricated
using all the different protocols above describe. Quantitative
SIMS and qualitative SEM/EDS was used to check the
incorporation of elements into the films along the complete
solar cells, checking each step process as is mentioned
in the following sections to determine the influence and
impact on electrical behavior.

Table 1. CdTe solar cells structures designed to analyze the diffusion
and intermixing of elements present along the device.

Nomenclature Solar Cell Structure

Pl FTO/CAS/CdTe/Cu/Au
P2 FTO/CdS+TT, /CdTe/Cu/Au

P3 FTO/CAS+TT, /CdTe+TT,,,,/Cu/Au
P4 FTO/CAS+TT, /CdTe+TT,,,/Te/Cu/Au
- FTO/CdS+TT, /CdTe+TT,.,/ZnTe 700°C

by 3 min/Cu/Au

CdTe Solar Cell

cdTe/TTeucn
3 um

Cu/Au
100nm

Substrate [ FTO
250nm

cds/TT,,
60nm

p* region
Te, ZnTe

(a)

Figure 2. a) CdTe solar cell structure, b) CdTe solar cell process

3.1.1. Window material (SnO,:F/HCI/CdS) step

CdS thin films were deposited by CBD onto SnO,:F (FTO)
substrates previously treated with HCI', CdS thin film shows
a conglomerates structure (see Figure 3a), producing a softly
material that can be used as window material due to it could
be sublimated with CdTe sublimation temperature without
affecting performance on photovoltaic device. However,
SIMS measurement allows analyze intermixing and diffusion
of each element that conforms these thin films. In this way
from Figure 3b, is possible to observe a Sulfur (S) diffusion
about 22.5nm, Cadmium (Cd) diffusion around of 13.6nm
and finally a Chlorine (Cl) diffusion or remanent is detected
from HCI chemical treatment along FTO; after the CdS
films was thermal annealed in air at 450°C for 60 min., CdO
crystals appear on surface with the thermal treatment; This
thermal treatment produces a phase transition from CdS to
CdO changing the optical band?”’. It could be associated to the
increase of O, concentration in the CdS thin films producing
a decrease of the crystallinity, then the band gap contribution
of CdO allow to use more photon of solar radiation. Figure 3¢
as shows in SEM image of CdS surface where CdO crystals
appear clearly along CdS surface. An elemental quantification
of Cd and S atomic percent was made, obtaining 64% and 36%
atoms respectively. Figure 3d shows a depth profile considering
Cd, S, Cland O signals along the FTO/CdS; where S diffuses
into FTO around 42nm, Cd diffuses 153.4nm and Cl diffuses
completely in FTO without reach substrate. Diffusion of Cd,
S and Cl has a close correlation with its ionic radii. Cd ionic
radii (0.97 A) is small when it works with +2, S ionic radii
(1.84 A) is bigger when works with -2, it diffuses to FTO like
Cd, when CdS thin film is thermally treated, but much less
than Cd. Cl approach size of S when it works with -1, around
of 1.81 4, however, if Cl, is molecular, it has a covalent bond
and its radii is about 0.99 4, which would explain why it
diffuses as much as Cd to the FTO when thermal treatment
is performed, at the same time CI was detected in the CdS
due to it escape to the atmosphere considering that Cl comes
from precursor solutions and chemical activation done to
FTO. On the other hand, a less signal due to O that appears
on FTO and CdS surface, this signal could be associated with
CdO crystals. Thermal treatment on CdS increase diffusion
of S and Cd on FTO creating a better match between CdS
and SnO,:F increasing the J ;. and R ; on CdTe solar cells as
is observed on CdTe solar cells electrical parameters.

Solar Cell Process
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3.1.2. Absorbent material (SnO,:F/HCI/CdS/CdTe) step

Figure 4a shows CdTe polycrystalline as grown on CdS
films; an elemental analysis reveals an atomic percentage
of Cd and Te around 43% and 57% respectively; due Cd
vacancies, the CdTe is p-type. CdTe grains have average size
of 4 um and they are characterized by a twin conformation.
XRD patterns of as deposit CdTe show a (111) orientation.
Depth profile in Figure 4b shows a CdTe region conformed
by uniform Cd and Te signals; S signal is confined on CdS
region, nevertheless, a low diffusion (180nm) on CdTe thin
film is determine, in the same way Te signal is detected on
CdS thin films diffusing 270nm reaching FTO, the diffusion
between CdS and CdTe can be reduced due to CdO crystals.
Asisreported for different researchers the CdS Te, could be
created??. Figure 4c show a SEM image of CdTe thermally
treated with CdCL, by CSVT, some crystals of CdCl, appear
on CdTe surface and the CdTe twins are reduced; Elemental
analysis reveals for recrystallized CdTe films an atomic
percent of 49%, 47% and 4% of Cd, Te and Cl respectively;
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comparing this data with not recrystallized CdTe samples, the
quantity of Cd atoms increase on 8% and Te atoms are reduced
on 18%. This treatment produces a blue surface associated
to the CdTe grains orientation and CdCl, grains at the CdTe
surface, and it can assure a good response in the solar cells*.
Figure 4d shows a depth profile, where S and Te diffusion
increase on CdTe and CdS thin films around 230nm and
400nm respectively. A comparison between CdTe as grown
and CdTe thermally treated structures, can show EQE spectra
from 550 nm to 800 nm where more photons are absorbed in
this range, more electron hole pairs are also generated in this
range. Hence more carriers contribute to current. Furthermore,
the Cl trace appears along the CdTe bulk, with major intensity
at CdTe bulk (see Figure 4d) increasing diffusion to 1.56pum.
As part of the CdTe solar cells process a finally thermal
treatment on air is made and a rinsed process is made to the
CdTe surface treated with distilled water to reduce CdCl,
grains (see Figure 4c). It promotes a reduction of Cl signal
along to the CdTe bulk (see Figure 4d).
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Figure 3. SEM images at 5kV of (a) CdS thin film deposited on FTO substrate and (c) CdO crystals distribution along CdS thin film,

depth profile by SIMS of (b) FTO/ CdS, and (d) FTO/ CdS+TT,,

Step 2
CdTe

Deposition § Cfe defects

~
!

40000%™

Intensity (arb. units)

Intensity (arb. units)

Step 2
CdTe
Thermal
Treatment

T

Intermixing— — »
10004 =

——Cd
—Te
—$
——ClI

100+

-

T T T
15 20 25

Depth (um)

T
1.0

0.5

T T T T
1.5 20 25 3.0

Depth (um)

T
1.0 3.5
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as grown, (d) recrystallized CdTe film.
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3.1.3. Back contacts (SnO,:F/HCI/CdTe/Te or ZnTe) step

3.1.3.1. Te region

An alternative model for glass/FTO/CdS/CdTe/metal solar
cells is formulate, due to commonly electrical resistivity values
for CdTe are found in 10° Q*cm range, consequently CdTe/metal
is not a good Ohmic junction. In this way a nanostructured
Te region on CdTe surface is deposited (see Figure 5a);
Elemental analysis shows values of 45% and 55% of Cd and
Te respectively considering the bulk interaction, at the same
time electrical measurements were improved on CdTe surface
with the Te region from 10°Q*cm to 10°Q*cm. Considering
that parallel high conductivity paths (shunts) across the CdTe
solar cell p-n junction or on the cell-edges are related to shunt
resistance. Some paths give rise to the shunt current such
as impurities in and near the junction, presence of different
defects, crystal scratches and manufacturing process. Shunt
paths lead the current away from the intentional load, and
their effects are detrimental to the module performance mainly
at low intensity levels. In this way optimization of contacts
and contact resistances will add more complexity to the
analysis, a simple ohmic contact with negligible resistance is
considered assume when resistivity of the material is reduced
due to an ohmic contact with no resistance create a better

A

nanostructufe |

Step 3
Te
Deposition

Intensity (arb. units)

1.5 20
Depth (um)

0.0 0.5 1.0

Intensity (arb. units)

performance on solar cell, then these results allow improving
the ohmic properties on CdTe/metal junction, increasing shunt
resistance and create a better CdS/CdTe junction, it could be
observed on J-V curves and EQ spectra. In Figure 5¢ SEM
image allows to observed the Cu/Au metal contacts on CdTe
grains, and Figure 5d shows the depth profile of CdTe solar
cell, the Au, Cu, Cd and Te elements ratio compared with
Cu quantity on metal/semiconductor junction was analyzed.
The depth profile was analyzed in the region, from 0 nm to
0.5 pm. Cu and Au has problems in different ways, mainly is
migration, however, using the Te region on CdTe was possible
to observed how it stops. Analyzing the depth resolution
Az between 16% and 84% on the graphs. The structure shows
alAz,. . (Cu)=138nminCd,aAz,, . (Cu)=117nminTe,
on the other hand the device shows aAz . . (Au) =150nm
inCd,aAz, . (Au)=100nm in Te, considering the edge in
Cd and Te signals, as it is observed the diffusion is reduced
into CdTe thin films.

Figure 6 shows a cross sectional SEM image and lineal
EDS for SnO,:F/HCI/CdTe/Te structure. The CdS/FTO junction
can be distinguish clearly, besides it, lineal EDS allow to
observed a Sn signal from SnO,:F thin films and Cd peak from
CdS thin films. CdTe region exhibits its typically twins grains
conformation, with a uniform Cd and Te signals along solar cells.
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Au/Cu Metal
Contact

10000
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100

0.2 0.3
Depth (um)

Figure 5. SEM images at 5kV of (a) Te deposition, and (c¢) Cu/Au Metals deposition, depth profile by SIMS for (b) SnO,:F/HCI/CdTe/Te

structure and (d) SnO,:F/HCI/CdTe/Te/Cu/Au structure.

cdTe/TTeqcn
3un

Substrate [ FTO
Cu/Au 250nm
1000m

p+ region cds/TTy;,

(a)
Figure 6. SnO,:F/HCI/CdTe/Te structure analyzed by (a) Cross sectional SEM and (b) lineal EDS.

Thickness (um)
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Additionally, O and Cl signals is observed through complete
device, it can be explained in different ways, the most
representative behaviors are related to Cl on CdTe grains
boundaries, considering that Cl signal comes from chemical
treatment to FTO, precursors solutions associated to CdS
deposition and the thermal treatment on CdCl, to CdTe
surface; Additionally O is associated to CdS surface
oxidation®** and formation of TeO, on CdTe surface™.
As we can see in Figure 6 the cross-sectional SEM image
of CdTe/CdS interfaces are not abrupt due to a changing
hetero-interface structure decreases the lattice mismatch, and
CdS/CdTe interface could be modified into CdS/CdO/CdTe
or CdS/CdS, Te /CdTe ternary phase according to the
sulfur diffusion along CdTe and CdO crystals present on
CdS surface (see Figure 4d and Figure 5b). The formation
of ternary compounds is related to the growth temperature
of CdTe. On another hand the Cd diffusion into CdTe
is stopped by oxygen atoms present on CdS surface.

Materials Research

Finally, a good uniform deposition of Cu and Au on Te/CdTe
grains is appreciate.

3.1.3.2. ZnTe region

The ZnTe regions obtained were slightly grey along the
complete CdTe surface, uniform ZnTe deposition on CdTe
surface for 500°C by 3 and 5 min and 700°C for 3 min,
however, it is not uniform for 700°C by 5 min, with smooth
surface characteristic to ZnTe. The surface SEM images of
films deposited at different temperatures and times are given
in Figure 7a, 7c, 7e. The SEM images show that films are
homogenous in CdTe surface. A granular morphology is
observed for 500°C by 3 and 5 min and a columnar morphology
can be observed for 700°C by 3 min. Allowing identify grain
boundaries associated to CdTe grains. The thickness of the films
is homogenous and continuous throughout the whole length of
the films, although ZnTe deposited by 5 min at 700°C create
a thin film on CdTe surface vanishing the grain boundaries.

ZnTe 500°C by 3 and 5 min

AT nTeiCulAu
CdTe

Intensity {arb. units)

00 05 10 15 20 25 30 35 40 45 50 55
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(b)
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—T T
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—Te

i

0.5
Depth {pm)

0

ZnTe 700°C by 3 min

Depth (pm}

(d)

Intensity {arb. units)

ZnTe/CulAu

ZnTe 700°C by 5 min

Cudug i

=
a

Intensity (arb. units)
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Intensity (arb. units)

Depth {pm)

(f)

Figure 7. SEM images of ZnTe deposited on CdTe surface at 500°C by (a) 3 min and 5 min and 700°C by (c) 3 min and (e) 5 min,
SIMS depth profiles of samples with ZnTe at (b) 500°C by 3 and 5 min, (d) 700°C by 3 min and (f) 700°C by 5 min.
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To analyze the behavior of Zn and Te elements along CdTe,
SIMS measurements were performed. In Figure 7b, 7d, and 7f
depth analysis was performed, it is observed the intermixing
and diffusion of each element along CdS/CdTe structure,
at the same time Cu and Au was analyzed. Leading and
trailing edges of a measured delta distribution allow to
understand the possible diffusion along the thin films®,
in order to check it and comparing diffusion on each step
graphs in Figure 7b shows a diffusion of Cu and Au into
CdTe/ZnTe (500°C by 3 and 5 min); a maximum diffusion
for Au =265.8nm and Cu =263.5nm is obtained

diffusion o diffusion K 3 A
under these conditions and a lower diffusion is about of
Aug. . =94.3nmand Cug, . = 100.6nm, considering an
iffusion diffusion

average thickness of ZnTe thin film around of 91nm, however,
a zinc signal is not appreciated in CdTe region. In Figure 7d
is showed a depth profile of ZnTe deposited on CdTe surface
by 700°C for 3 min, diffusion of Cu and Au is analyzed too,
getting a maximum diffusion of Au, . = 428.7nm and
Cuon = 488.1nm, while the lower diffusion for Cu and
Au are Aug, .= 194.4nm and Cu, . = 202.6nm, the
last results are considering a thickness of ZnTe deposition
around 187.9nm; according to ZnTe deposition on CdTe
surface a Zn signal is observed in Figure 7d, showing a
diffusion from 11.6nm up to 228.8nm. Finally in Figure 7f
is showed a depth profile of CdS/CdTe/ZnTe structure where
ZnTe was deposited at 700°C by 5 min. The maximum
and minimum diffusion of Cu and Au in this structure are
Aug o =634nm,Au,. . =240.7nmand Cu, . =696nm
and Cug. . = 252.7nm respectively, considering an
average thickness of ZnTe about 212.1nm. In concordance
with Figure 7f a Zn signal is observed along CdTe, the
maximum and minimum diffusion are Zn =679.3nm

diffusion
and Zn . . =245.5nm respectively. As a consequence of
iffusion

these results, we could observe that temperature impact
the diffusion of Cu and Au along CdTe/ZnTe structure.
In Figure 7b, 7d, and 7f the Zn signal reaches CdS/CdTe
junction, probably it produces a bad function of solar cells,
due to electrical carriers can found a short route between both
contacts and could generate a short circuit in the device or
an increase on current. The last results allow to identify an
increment on ZnTe thickness; however this produces a thin
film on CdTe surface reducing the large grain boundaries
associated to CdTe, it means create more potential barriers
limiting the flux of carriers to the back contact, in this way the
best option is create grains that has a preferential direction.
In order to identify the impact and effect of each element
along the solar cell structures analyzed before some solar
cells were developed to determine the influence of these.

3.1.4. CdTe solar cells performance

Figure 8a, 8b shows [-V and J-V curves of CdTe solar
cells, to determine the impact of each step process during
the cell manufacturing; this process consider deposition of
CdS/CdTe as P1, thermal treatment to CdS (P2), thermal
treatment of CdTe (P3) and p* regions (Te or ZnTe) on
CdTe (P4 and PS5 respectively). All the I-V measures was
made considering areas of 0.03cm?, each back contact metal
was isolated by laser scribing creating a square associated
to the diameter of the back contact and a mask was used
to cover the radiation incidence area on the substrate. The
electrical parameters that are influenced by the diffusion and
intermixing of each element can be observed on Figure 9.
Electrical parameters, as short circuit current density
J > open circuit voltage V ,, fill factor FF, efficiency n,
ideality factor of a diode, series and shunt resistance R,
R, are included.

Voltage (V)
00 01 02 03 04 05 06 07
0 H h A H H i H
0.00304 ) o 53
%9 » 9
(a) ; E; oo -59 C@ooo
009
0.0025+ o P3 000 101 S
o P4 o2 3 g
0.0020 4 o P5 ) 2 -154 ?
o3 E,
_ 204 P
< 0.00154 -
= X, £ 254
T
0.0010+4 5_30_
3 .354
0.00054 6 =
-404
0.0000 e
T T
0.0 0.2 04 0.6 0.8 1.0
V (YoTtsT '
() |
cds!

Normalized EQE (arb. u.)

B )

350 400 450 500 550 600 650 700 750 800 850 900

A (nm)

Figure 8. (a) Current vs voltage measure in dark condition, (b) Current density vs Voltage (J-V) measure under illumination and (c)

Normalized Quantum Efficiency of CdS/CdTe solar cells.
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Figure 8b shows a typically behavior for p-n junction
without any thermal treatment using two different deposition
techniques (see curve P1); where V and FF values are low
as is showed in Figure 9a. For all devices J . increase when
CdS is thermally treated (see P2-P4 devices in Figure 9b), it is
associate with an increase of photons conversion on electron
as is observed on EQE curves in the region between 350nm
to 550nm (see Figure 8c). An effective diffusion method in
CdTe solar cells is treating thermally each thin film, as we
can review along this work; as consequence of this result
FF of P1, P2, P3 and P4 and increases due to the quality
between junction created on CdTe solar cells are improved.
ATe" region has been deposited on CdTe surface (P4 device) as
part of the back contact achieving V., FF, reducing potential
barriers and decreasing de diode recombination; last result
is confirmed by reduction of ideality factor diode (n) value,
which was calculated by Cheung method (see Figure 9d)*-3,
however P3 show a similar value considering a good thermal
treatment of CdCL,. The thermal treatment made to each
thin film contribute to series and shunt resistance, as we can
observe in Figure 9c. R_values decrease while each thin film
is treated and R increase, where these values are related to
contact resistivity and bulk resistivity, additionally R, value
for P5 device shows a high value, it has different possible
causes to be increased: firstly, the movement of current
through the emitter and base of the solar cell; secondly,
the contact resistance between the metal contact and CdTe
surface; and finally the resistance of the top and rear metal
contacts, the last one is the most important for the solar cell
PS5 due to ZnTe region under deposited conditions generate
a thin film increasing the series resistance as consequence
the fill factor decrease as is observed in Figure 9a. On the
other hand, EQE from P1, P2, P3, P4 and P5 devices allows

Materials Research

to observe the efficiency on photo-electron conversion. EQE
comparison in Figure 8b shows the increasing collection in
wavelength range from 350nm to 900nm specially at low
wavelength as a result of the interdiffusion of elements
such as Cd, Te, S or Cl into layer along the solar cell, we
can expect that thin films get doped on each energy region
associated to CdS and CdTe thin films (500nm and 800nm
respectively). It means that at higher doping concentrations
could produce a built-in potential increase. As a result, an
added field is produced that helps to amplify the carrier
collection. Additionally at higher electric field, the free
carrier recombination reduces which results in the increase
of open circuit voltage, and then the solar cell performance
is improved®. On the other hand, as we can see along the
steps process of CdTe solar cells the interdiffusion allow us
to expect an increase on the doping, that has an influence on
the mobility and lifetime of the carriers that are generated.
This increment has a correlation with a strong electrical field
that could reduce recombination of carries separating these
ones. Recording that each photon that strikes an ideal solar cell
produces an electron-hole pair. External quantum efficiency
(EQE) is the number of carriers contributed to the external
load for each incident of photons. Then the photon generated
carriers will be gathered through the contacts. The Figure 8c
shows the EQE with respect to wavelength in the manuscript.
It shows that EQE is higher in the wavelength region of 550nm
to 830nm. That means the absorber material absorbs more
photons in this wavelength range and absorption goes down
beyond 850nm wavelength. Since, more photons are absorbed
in this range, more electron-hole pairs are also generated
in this range. Hence more carriers contribute to current, it
means that photons with adequate energy could create useful
electron-hole pairs that produce an enhance of J, ',
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Moreover, it is important notice that solar cell P5 shows a
high current density (see figure 8b and Figure 9b), however,
this value is not completely correct because this indicates
that is almost used all the photons from wavelength radiation
creating electrical carriers; However, it is impossible considering
the Schottky limit. To understand this effect SIMS analysis
for ZnTe as part of the back contact allows observed that
Zn as metal diffuses into CdTe solar cell reaching CdS/CdTe
junctions (see Figure 7d and 7f), it means that Zn create a
route to carries between front and back contacts producing
a short circuit increasing the current measured. In addition,
fill factor is affected obtaining a 39% value for diffusion of
Zn because is possible the creation of compound between
elements presents on each junction along CdTe solar cells.
To understand the influence of ZnTe as part of the back
contact in CdTe solar cell, SIMS and SEM measurements was
used to analyze the presence of Zn along CdTe solar cells,
considering the different morphologies deposited on CdTe
surface that are associated to temperature, distance between
powder source and substrate, and chamber deposition. For
this reason, cell PS was analyzed according to the Figure 10.

Solar cell P5 shows substantial differences between
the deposited contacts, as can be seen in Figure 10, the cell
has a different coloration from the center to the ends of the
device, it means that ZnTe deposited on CdTe surface as
well as Cu/Au metallic contact, the morphology, chemical
composition of specific zones and photovoltaic conversion
efficiencies in some representative metallic contacts were
analyzed. The areas analyzed A , A, and B, as well as contacts

Superposition EDS
sig nal

Region

Cu/Au
100 nm

Zn signal

A and B are shown in Figure 10. Point A and B referred to
the metallic contacts of the center and right-side show Au,
Cu and Te signals and atomic values of 51%, 8% and 40%
respectively, it is observed that the presence of Au is bigger
than Cu, which indicates that Cu begging diffuse faster than
Au, as detailed in SIMS (see Figure 7).

Point A| shows a shade along CdTe surface as is detailed
in Figure 10. For this reason, the morphology was analyzed,
and EDS color-coded elemental mapping was performed,
considering that the shade region could be an oxidation or
an excessive deposit of ZnTe. Figure 10 shows the Cd, Te
and Zn signal elements that are statistically distributed near
to the center contact, the elemental analysis shows that in
the analyzed region there is 6.2% of Zn, 17.7% of Cd and
in greater quantity it is found Te with 76.1%, this result is
according to the semiconductor doping generating a better
ohmic region which is observed on solar cell efficiency.

Region A, obtained from ZnTe deposit shows the distribution
of the materials on CdTe surface where a very notable change
inrelation to point A was observed. Morphology inregion A,
allows to see a saturation zones; the EDS color-coded elemental
mapping analysis carried out that the over-deposition generates
regions rich in Cd and Te and poor Zn signal it means that Zn
do not be evaporated or Zn traces are diffused into CdTe/CdS
junctions, due to only 2.8% of Zn was detected on CdTe surface,
while 14.6% Cd and 82.64% Te were detected, the last one
could be oxidized generating a shadow appearance around
the contacts. This deposition behavior could be attribute to
ZnTe deposition temperature.

cdTe/TTeqcr,

3um

Substrate /[ FTO
250nm

p+ region
ZnTe

cds/TT,;,
60nm
Cd signal Te signal

Figure 10. EDS color-coded elemental mapping for region A , A, y B, of P5 solar cell.
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Finally analyzing the morphology of point B, that s located
to one side of the most efficient contact, it is possible to see
a columnar morphology (Figure 10). In this region, a color
mapping was performed again to observe the distribution of
the elements, which revealed that both Zn, Cd and Te are
found well distributed. The morphology and elemental analyze
obtained suggest that the ZnTe deposit is not uniform throughout
the deposit area, which implies variations in efficiency.
Therefore, currents that are created on CdTe device could
travel to the Zn metallic diffused along photovoltaic device
contributing to the increase of the current, as consequence of
this, will be required to search more routes to growth ZnTe on
CdTe surface as part of the back contact.

To analyze the stability of solar cells according to Cu
diffusion just we measured J-V for P3, P4 and P5 these has
the complete solar cell process and p* regions.

[-V electrical response of P3, P4 and P5 photovoltaic
devices influenced by the time (24 months) are shows in
Figure 11. The electrical parameters are reduced with respect
to time. In Table 2 are reported the electrical parameters of
the photovoltaic devices on detail. P3 photovoltaic device
(see Figure 11a) shows the bigger degradation about of 50%;
while P4 photovoltaic efficiency is reduced from 12% to 7.9%
it means a degradation of 34%. Figure 11c shows the electrical
degradation for P5 device, parameters such as V., J ., FF
and efficiency was not affected as much as in the P4 device
used as part of the back contact, it means ZnTe deposited on
CdTe surface is more functional as part of the metal contact.

Materials Research

We assume that using Te as part of the back contact V.
and FF electrical parameters can be improved, however,
ZnTe provides greater stability in the performance of CdTe
photovoltaic solar cells along the time.

4. Conclusions

In this work CBD and CSVT systems was used for the
successful fabrication of the thin films of CdS, CdTe, Te,
ZnTe and CdCl, thermal treatments. Step by step analysis was
used to understand the elements behavior along photovoltaic
device. The fabricated films were analyzed with various
physical characterization using SEM-EDS, SIMS, EDS
color-coded elemental mapping, lineal EDS, and photovoltaic
devices were analyzed by I-V, EQE. SEM-EDS and SIMS
analysis showed that elements nature diffuses and intermixing
between thin films junctions. Cd, S, Te and Zn diffusion and
intermixing play an important role on electrical solar cell
behavior. Cl, O, diffusion along CdTe solar cells contribute
to the series and shunt resistance increasing electrical
parameters and diffusion values were establish in this process.
Additionally, was found that Cl is present along the solar cell
on each step of manufacture. For CdTe solar cells with Te
as part of back contact, the photovoltaic efficiency depends
on Cu and Au diffusion values, if diffusion increase more
than 150nm conflicts on carrier transport can be occurs;
while ZnTe allow to reduce diffusion of Cu, however Zn
diffusion create paths that produces shorts circuits creating
a high current density but affecting fill factor of the device.

V (volts) V (volts) V (volts)
00.0 01 02 03 04 05 06 07 0.0 0.1 0.2 03 04 05 06 07 08 0o_o 01 02 03 04 05 06 07
P3 - Solar Cell Degradation i P4- Solar Cell Degradation n .5] P5- SolarCell Degradation -..
» As deposite . 54 = Asdeposited - s deposite $
-5 z :4:1;:”“; ‘sm . 5 [] 24m:ntn5\ater : .10] : /;4 :m?'\th; \g(ar ".
- o -
u E
; 8.
5 ‘é .
= -
=304
(a) (b) (c)
Figure 11. J-V measurements as deposited (blue line) and 24 months later (red line) for (a) P3, (b) P4, and (c) PS5 devices.
Table 2. Electrical parameters of P3, P4 and P5 devices as deposited and 24 months later.
Solar Cell V., I, FF R R, n Degradation
(mV)+1mV (mA/em?)+3mA/em? (%)£0.6% (Q)+£0.1Q (Q)+0.1Q (%) +0.8% (%)
P3 . 707 24.6 515 122.8 3396.1 5 8.4
as deposited
P324 617 14.8 45.7 103.5 1604.2 4.4 4.2 50
months later
P4 729 28 60.6 93.5 4364.7 1.8 12.0
P424 699 25 454 157.2 2224.1 44 7.9 34
months later
P5 742 41 39.5 773.4 3742.1 7.9 12.2
P524 705 36 359 819.7 2512.2 6.3 9.1 25

months later
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SIMS technique provide an important tool to observe each
thin films interphases and performance in solar cells.
To check the stability of the back contact metal on Te,
ZnTe and Cu/Au devices, is determine that a nanostructure
create a better region instead of a thin film between
semiconductor/metal junction.
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