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CdTe thin films solar cells are currently produced using a layer sequence of glass/FTO/CdS/CdTe/metal contact (Cu/Ag), these films are
deposited by two different techniques, chemical bath deposition (CBD) and close space vapour transport (CSVT). In order to reach reasonabl
conversion efficiencies, the device has to be thermally treated in a hydrated-@u@isphere. This study was carried out using X-ray
diffraction (XRD), photoluminescence, SEM-EDS, four probe method and SIMS profiling of CdTe. These analyses confirm the presence of
hydrated CdG) and CdTe phases on CdTe surface and shown a good recrystallization morphology helping to the carriers mobility along the
structure. Using the thermal treatment was possible to reduce the resistivity of CdTe thin film; it is a result to the Cl migration along the
CdTe solar cell structure, reducing the defects between CdS and CdTe thin films. A strong CdTe thin film recrystallization was observed by
the implementation of a hydrated-CdGteatment doing to this a good candidate to CdTe solar cells process.

Keywords: CdTe; hydrated-CdG| thermal treatment; recrystallization; CSVT.
PACS: 81.05.Dz; 81.65.Cf; 81.10.Pq

1. Introduction and the grain size increase [5,6]. However, the exact roles of
Cl in enhancing and even limiting CdTe solar cell efficiency
CdTe is a very promising material for use in thin-films solar are still under debate as many explanations and mechanisms
cells; its advantages as a solar cell absorber include its highave been proposed. As Ji-Hu Yang [3] found that Cl can
optical absorption coefficient and direct bandgap of arounither substitute Te atoms to form{gbr form interstitial de-
1.5 eV that is nearly ideal for optimal solar conversion [1]. fects. CdC} heat treatment suggests that C| may have strong
Now the highest efficiency of CdTe thin film solar cells is interaction with CdTe grain boundaries (GBs).
21.5%, achieved by First Solar [2]. In this work, hydrated-CdGlheat treatment effects on
Post-deposition processing of polycrystalline CdTe/CdSyhysical properties of CdTe thin film fabricated using CSVT
hetero-junction thin films solar cells with cadmium chloride have been investigated. The morphological analysis of the
(CdCh) heat-treatment has proved to improve the short cir-CdTe films and the influence of the annealing with hydrated-
cuit current and open circuit voltage of CdTe/CdS thin film cdcCl, heat treatment on CdTe surface is investigated using
solar cell by recrystallization, reorientation and grain en-SEM and correlated with EDXS and SIMS techniques, on
hancement of films for photovoltaic operation [3]. Generally,the other hand the structural characteristics was analysed by
the CdC} activation can be realized by two methods. ThexRD and state electronics was studied using photolumines-
most typical CdGl methods are wet CdGltreatment with  cence at 14 K. Finally, the performance of CdTe solar cells
a CdCbCHgoH solution and vapour Cdg:treatment. Wet using hydra‘[ed-Cd@"‘]ea’[ treatment was ana|ysed_
CdClL, treatment, which is applied after the deposition of a
CdTe absorber layer and prior to the application of a back
contact [4]. 2. Experimental details of fabrication of solar
CdC}, treatment has become a standard and critical pro- cells
cess in the fabrication of high-efficiency CdTe based pho-
tovoltaic devices, considering that CdTe films would haveSoda lime glass, SnCF were used as substrates and front
many undesirable characteristics such as small grains, sharontact, CdS thin films were used as window material, the
minority carrier lifetime and high resistivity due to large CdS films were grown by 8 min &t + 2°C using CdC}
number of grain boundaries. Regardless of the method usg@.1 M), and SC(NH), (0.3 M) as precursor solutions for
for depositing the CdTe layer. The fact that the Cdteéat- the Cd and S ion to ion deposition, respectively. fOH(0.2
ment is necessary in polycrystalline CdTe due to the thickM) and NH,OH(2 M) were used to promote the formation
ness of CdTe thin film decreased after Cd@éat treatment of complex compounds in the chemical bath deposition tech-
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nique, the CdS films shown thickness of about 60 nm and 30
87 % of optical transmittance with band gap value of 2.41 P 4 sct
eV [7]. CdTe layers of about 4 mm of thickness were ob- 254 \ . 862
tained by using O, Ar atmosphere, temperatures of 630 y
and 530C for source and substrate blocks respectively under 204 ~,
a pressure of 100 mTorr by 3 min in the CSVT (Close Space
Vapour Transport) system. After CdTe deposition, a thermal
treatment was done, it consists in a muffle heat treatment af- s
ter a CdC} deposition in a CSVT system, using a controlled &
Ar atmosphere, temperatures of 3&0and 200C for source 10 ‘AA »
%
A
A
A

J(mA/cm
o
1

and substrate blocks respectively. In order to recrystallize
and reduce the Cd vacancies in the CdTe thin film, finally 54
some samples were cleaned with distilled water in order to

remove big CdGl grains and dry with N gas. In this paper 0 —— ———— . .
CdTe surface morphology after the complete thermal treat- 00 01 02 03 04 05 06 07
ment with hydrated-CdGland FTO/CdS/CdTe/Cdginter- V(Vv)
faces is investigated in order to provide more Instructions tOFlGURE 1. J-V curves of solar cells with and without hydrated-
improve the performance and reproducibility of CdTe solaerCI2 thermal treatment
cells, all the samples developed has the same configuration
(FTO/CdS/CdTe). ever, in this work the treatment was implemented with
The structural characteristics of all samples were deterhydrate-CdGJ using the CSVT technique obtaining good re-
mined by the X-ray diffraction patterns (XRD), by means of sponse in the CdTe solar cells (see Table I). Two devices SC1
a X’PERT Pro MRD PANalytical X-ray system using the (Solar Cell 1) and SC2 (Solar Cell 2) are presented in the
CuKa line. The layer thicknesses were measured with &ig. 1, the first device shows a low efficiency (4.5%) due to
step profiler (Sloan Dektak Il). The morphology associatedthe hydrate-CdGlprocess were not complete, it means there
with the samples was studied by using a scanning electrogre CdC} salt residues producing a pour back contact for
microscope (SEM) JEOL serie JSM7X. Electric parametersCdTe and then Cu/Au contact was not optimized; the sec-
were determined using a 6517B Electrometer/High Resisond device presents more efficiency (12%) than the first one,
tance Meter. Band gap values of CdTe and CdTe/hydratethecause the hydrate-CdCieat treatment process was com-
CdClL were obtained by photoluminescence (PL) spectralete. This process remove the Cd@sidues produce a bet-
measurements. To get the PL spectra the samples weter contact Ohmic, generating long CdTe grains and reducing
mounted on cold finger of cryostat and measurements wenge Cu diffusion from the contact, also the interdiffusion of
made at 14 K using 325 nm He-Cd laser. CdTe and CdS was improve reducing the recombination cen-
Depth profiling were performed by SIMS (secondary ionters in the heterojunction.
mass spectroscopy) using an IONTOF 5 spectrometer; the Considering hydrate-Cdglresults, four steps of the
measurements were obtained by using a source of liquid Biydrated-CdGJ process was analyzed (see Table I) to under-
at 30 keV for analysis and Cs beam at 1 keV for sputterstand the thermal treatment behavior.
ing. Considering an incidence beam at 45 nominal degrees.
Craters of 40Qum* were eroded but 200m? were consid- 3.1, Structural properties
ered only in analyses with the objective to exclude crater ef-
fects on measurements. X-ray diffraction was done to identify the structure present
on each step of the hydrate-CdQ@Irocess. Different diffrac-
tion patterns related to CdTe and hydrated-Gd@/idrated-
CdCk was obtained, the Figs. 2a, 2c show the experimental
Different treatments have been proposed in the direction opatterns of TT1 and TTO, the cubic structure was determined
promote the CdTe recrystallization, the most common treatfor CdTe thin film and an orthorhombic structure for hydrate-
ments is using CdGlby sublimation or wet technique. How- CdCk deposition, the peaks identification was done using

3. Results and Discussion

TABLE |. Description of each hydrated-CdCitep in the process

Sample Description

TTO CdTe as grown

TT1 CdTe + hydrated Cdgldeposition in the CSVT system

TT2 CdTe + hydrated Cdgldeposition + heat treatment in air

TT3 CdTe + hydrated Cdgldeposition + heat treatment in air + cleaned with distilled water

Rev. Mex. Fis63(2017) 469-473
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§ +§Z§EHZO é ﬁ_ﬁw ;I'ABl_E Il.t Elemental concentrations in the studied hydrated-gdCl

no, g " h‘ reatment.
E i / Sample [Cd] (at.%) [Tel(at.%) [CI] (at.%)
5 3t 1 TTO 47 53
-.g TT1 50 44
= T2 49 48
2 T3 48 50
[=

preferential orientation. Doing a quick calculus, we can con-
clude that the lattice parameter values did not change with
the thermal treatment (a = 6.49°V); respect of FWHM re-
lated with the (111) plane values of 0°3and 0.35 for as de-

; . . . . v . posited CdTe and CdTe (TT3) respectively. Due to the last re-
10 20 3 40 50 60 70 80 90 sults the CdTe recrystallization were associated by the inten-
sity variation related with the (111), (220) and (311) planes.

FIGURE 2. XRD of structures (a) CdTe/Tdhiciz (TT1), (b)

hydrated-CdGl modelling, (c) CdTe (TTO0) and (d) CdTe mod- 3.2. Morpho|ogica| properties

elling.

Figure 4a shows a common CdTe morphology growth by
CSVT, the samples have a big density of grain boundaries

+111)

* CdCl, HyO on different faces directions. Considering this observation is
-Sn0, necessary implement a treatment in favor of reduce bound-
+CdTe aries and increase the carriers flow through the metal con-

tact. As mentioned in the introduction, many works has
been developed trying to improve this junction (semicon-

5

-2 —_

s 8 ¢ _ - - _._ ductor/metal), in this case is possible to see in the Fig. 4b
% I 5 § 8 $8 §§ the hydrated-CdGlmorphology on CdTe surface creating a
3 L-JJ‘JUJL_»" Rnscollot et o8 o B hydrated-CdGl shell, however, this cover allows to see the
[=

CdTe boundaries, after hydrated-Cd@eposition the sam-
ple was heat treatment on air reducing the hydrated-£dCl
density, therefore, is appreciated a change in the CdTe grains
due to the defects on the CdTe surface was reduced and as
. . : . . . : X . we could see in X-ray diffraction the CdTe planes are ori-
10 20 30 40 S0 60 70 80 90 100 ented in the (111) direction. Additionally a density of CdCl

20 (°) flakes appear on the CdTe surface (see Fig. 4c), this mor-

FIGURE 3. XRD of structures (a) CdTe/Tica/TTair/HaO Iplilology cc;)qld r.educe the currehr)t becausie the t()joundanes act
(TT3), (b) hydrated-CdQImodeIIing, (C) CdTe/TEuci (TTl), and IKEeE recom |niat|0n .Ce.nters. In this wayac eane. process was
(d) CdTe modelling. developed using distilled water, and how the Fig. 4q ghows

, ) the hydrated-CdGlflakes density was reduced, obtaining a
using PDF # 15-0770 and PDF # 27-0073 respectively. Each e recrystallization on (111) direction.
peak from hydrate-CdgImodelling match with the experi- An elemental analysis was done by using EDS, the Ta-
mental pattern (see inset in Fig. 2), |t_|nd|cates that the thery | || shows the atomic percentage of Cd, Te and Cl elements
mal process increases the Cd atoms in the CdTe structure. present in the different steps of the treatment. In TTO the Te

In the same way a pattern of TT3 was obtained in ordehe centage is more than Cd, this result does not correspond

to review any changes that could be present on the sampigith different authors due to it mentions that CdTe growth
when it is summited under a heat treatment in air and cleanegy sublimation technique create a rich Cd region, however
with distilled water, thus, the Fig. 3a shows how the prinCi-¢or this work the thermal treatment help to create a Te rich
pal hydrated-CdGl peaks was diminished. Is possible that ;agion on CdTe surface (TT3 step), Cl signal on the surface

the peaks were eliminated or the percentage present in the-reases considering each step of the process.
sample is less than 5%, if it is the case, we know that X-ray

diffraction cannot detect a signal from the compound. Inthez 3. Electrical properties

pattern, the plane (111) reveals that recrystallization occurs

when grains belonging to another plane nucleate and grow tdhe hydrated-CdGl process was analyzed from electrical
reach high fractions of volume and consequently modify thepoint of view to understand what is the behavior of this pro-

*(110)
*(020)
*(200)
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FIGURE4. SEM images at5eV; (a) TT1, (b) TT2, (c) TT3and (d) TT4

cess on the CdTe surface. Is important to notice that CdTe
thin films has a high resistivity (aroursd3 x 10° Qcm), and
implementing the process on TT1 step we could obtain a re-
sistivity of 7 Q2cm however this result is only for hydrated-
CdCL because as we can see in the Fig. 4b the morphology
only correspond with hydrated-CdCand this is the reason

of this value, finally the resistivity of CdTe+ hydrated-CdCl
doesn’'t change significantly (= 1.3 x 10° 2cm), however

the temperature used on each step modifies the morpholog»
of CdTe allowing a good response due to the grain boundaries3
was diminished and CdTe recrystallize.

—_—TT
—TT2
—TT3
—TT4

zed Photoluminescence Intensity

Normal

3.4. Optical properties ; p 150 : % 165
. . . . Energy (eV)
Two principal luminescence bands were observed in the four

steps of treatment as shown in Fig. 5. The one present in thBIGURE 5. Normalized photoluminescence spectra at 14 K (a)
range 1.56 eV - 1.58 eV results from donor or acceptor bound T0, (b) TT1, (c) TT2 and (d) TT3.

excitons. However this shift of the peaks could be produce by

Ore acceptors [9] or ¥y complex based acceptors participat- samples. The hydrated-CdQfreatment causes a general in-
ing in a donor-acceptor pair (DAP) recombination. A further crease in luminescent intensity indicating either an increase
band at 1.44 eV is characteristic of a further complex DAPIn the concentration of the active centers or a decrease in the
emission often seen in CdTe. There were some importarfion-radiative recombination sites. Considering the CdTe and
differences between the spectra of the CdTe treated with hydrated-CdC3amples the 1.44 eV band

Rev. Mex. Fis63 (2017) 469-473
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FIGURE 6. Normalized depth profile of (a) SC1 and (b) SC2 photovoltaic devices.

is most intense in the bulk of the CdTe layer after completed. Conclusions

treatment, this result origin that DAP luminescence is known . )

to be complicated and possible assignments such ag (v Hydrated-CdG) was implemented by CSVT on CdTe thin

as the acceptor and £ as the donor are speculative. Also films in order to recrystallize the CdTe surface. XRD con-

analysing the PL spectra from CdTe as grown, is possible t§rms the recrystallization in the (111) plane, this was ob-

identify three bands 1.44, 1.46, 1.47 (eV), who are related t§€rved in the SEM images and some hydrated-GCaGts-

Te deficiency, O presence and donor-acceptor recombinatidd!s are present on the CdTe surface. The hydrated-CdCl

due to Cke respectively. However, in order to review this last freatment causes a general increase in luminescent intensity

SIMS measurement was done. indicating either an increase in the concentration of the active
A solar cell structure (SC2) was analyzed, four signal ofc€ntersora decrease in the non-radiative recombination sites.

each element present in the solar cell (Cd, Te, S, C) are stud=! atoms were detected along the CdTe solar cells structures

ied in order to see the behavior of Cl into the solar cell. Fig-Promoting the formation of different compounds in the junc-

ure 6a shows the Cl signal in the CdS region, it is presen‘cions of the solar cell. The activation leads to modifications

in this part due to the CdS growth considering that involvedn the electronic properties of every layer and interface in the

Cl precursors in addition the front contact also contributeCdTe solar cell.

Cl because this film is chemical treated on HCI as part of

the process. On another hand, the Fig. 6b shows a differecknowledgments

Cl signal behavior, as result of hydrated-Cg@tocess, the
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