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Abstract. Thediffusion-controlled electrodeposition process of cadmium telluride from chlorine-
containing solutions of CdSQand the films’ structure and electrical properties are studied. The
effect of deposition at different temperatures (2528%and at different cathode potentiais§80

to —610 mV, versus Ag/AgCl) on the films’ structure is investigated.

Photo-induced current transient spectroscopy of bandgap energy levels has revealed the
presence of a few shallow hole traps, which do not exist in films prepared from Cl-free solutions,
and, thus, are related to chlorine/structural defect complexes.

Due to the presence of the shallow hole traps, the electrical properties of these films and
the charge transport mechanism in Au—CdTe devices are remarkably different from those in films
deposited from Cl-free solutions.

The spectral response of the photocurrent reveals a direct bandgap energy of 1.460 eV at
300 K, which is about 30 meV smaller than the bandgap in films prepared from Cl-free solutions.

1. Introduction

Cadmium telluride is an important 11-V1 semiconductor with a variety of applications including
photovoltaic ones. Fabrication of CdTe-based solar cells has shown promising results [1-3].
These cells can be prepared by different techniques including electrodeposition [4,5]. The
conversion efficiency of electrodeposited cells has reached 14% [6] and is anticipated to
improve further, if the films’ electrical and optoelectrical properties and, consequently, their
photovoltaic properties can be controlled more closely. These properties and the effectiveness
of extrinsic doping are influenced by the deep energy levels, which are associated with native
defects, impurities and their complexes [7, 8].

Electrodeposition of CdTe for the fabrication of solar cells has been performed initially
from an aqueous solution containingQC‘dSOf[ and HTeG, as described by Basol [4]. Films
deposited from this solution are n-type and their physical properties have been studied in the
past. The result of our studies on these films which include optical properties [9], electrical
properties [10] and the spectrum of deep energy levels [11] have been reported lately.

Electrodeposition of CdTe from the solution quoted above but with an additional
concentration of chlorine ions [5,12-14] or from CdGblutions [15] has been reported.

The reason for adding chlorine into the plating solution is due to the better performance of
solar cells made from these films, though the effect of chlorine on the films characteristics has
not been discussed explicitly in any of these publications.

In this work we report on the electrodeposition characteristics, the structure and electrical
properties of films deposited from chlorine-containing solutions. Itis shown that the spectrum
of bandgap energy levels and consequently the charge transport mechanism in these films are
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remarkably different from those in films prepared from Cl-free solutions. The present films
exhibit slight p-type behaviour, in contrast to the n-type behaviour of previous films and, thus,
should be more suitable for the fabrication of p-CdTe/n-CdS heterojunction solar cells. The
conductivity type was determined from the type of band bending at the Au/CdTe contact which,
in turn, was established from the easy direction of current under illumination.

2. Experimental details

Electrodeposition of CdTe on flexible substrates (0.05 mm thick stainless steel) was performed
from a CdSQ (1 M) bath with pH= 2. The deposition potential was in the rangg&30 mV to

—600 mV with respect to a silver/saturated silver chloride standard electrode. Deposition was

performed in the temperature range of 25286 Tellurium dioxide was added to the solution

to form HTeQ, (20-200..M) and chlorine was added as Cd@0.06 M) after the solution

had been electropurified for 10-15 h. The details of electrodeposition and the measurement
of film thickness can be found elsewhere [4, 5, 9, 16].

The structure and composition of films were determined by the x-ray diffraction (XRD)
method, using a Siemens diffractometer model D500 (@u®154 06 nm), scanning electron
microscopy (SEM) and the energy dispersive analysis of x-rays (EDAX), using a JEOL
(JSM-6300) electron microscope.

For current-voltagel-V) measurements and the study of deep energy levels by photo-
induced current transient spectroscopy (PICTS), semi-transparent circular gold electrodes
(14 nm thickness, 2 mm diameter) were evaporated on CdTe. The positive voltage bias refers
to the gold electrode being at a potential higher than the substrate. A computer-controlled setup
consisting of Keithley 236 source/measure unit, Keithley 428 current amplifier, Sciencetech
9050 monochromator and Stanford SR530 lock-in amplifier was used for the measurement of
I-V characteristics and the photocurrent spectral response.

The setup used for PICTS measurements is described elsewhere [11]. PICTS is a suitable
technique for studying the trapping levels in high resistivity materials [17-19]. In brief, the
transient photocurrent was measured at different temperatures, and double-gate PICTS signals
were generated. Light pulses (1 ms duration) from a light-emitting diode (peak intensity at
637 nm) were used for excitation. lllumination (through the gold electrode) at this wavelength
generates electron—hole pairs just beneath the Au/CdTe interface. The selection of bias polarity
allowed the injection of either holes or electrons into the bulk of the film for trapping. This
technique has been applied successfully to distinguish between the hole and the electron traps
[11]. The double-gate PICTS signal is the difference between the value of the transient current
at two selected delay times. The time origin is taken at the onset of the exponential decay in
the transient current. The PICTS signal peaks at a temperdjurat which the emission rate
e, Of the trapped charge is obtainable from the selected time gates. By vayyithgppugh the
two time gates7,, varies accordingly in order to satisfy [11]:

em = Ao T2 exp(—E/kT,,). (1)

Above, k is the Boltzmann constant = 1.35 x 10?* s~ m~2 K2 for emission of trapped
electrons into the conduction band afid= 1.07 x 10?° s~ m~2 K2 for emission of trapped
holes into the valence band [11E ando are, respectively, the apparent energy and capture
cross section of the trap which can be determined from an Arrhenius plbtsfe,,/ T2
againstX = 1000/ 7,,,.
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3. Results and discussion

3.1. Deposition characteristics

Electrodeposition of CdTe from Cl-containing Cdg6®olutions is a diffusion-controlled
process. Similar to deposition from Cl-free solutions, the current densjtgecays with
time,z, as [16]:

J = Joexp(—t/7) (2)

whereJy = enD(Co— C,)/§ andt = 8§V /AD. Cy andCy are, respectively, the concentration

of HTeQS at the substrate surface and in the bulk of solution&t0. § is the thickness of

the diffusion layer across which HT§@oncentration decreases uniformly from its bulk value

to Cy; § is in the range of a few 1@m with rapid stirring of the solutione is the electronic
charge and is the number of electrons needed for depletion of one Te atom from solution. For
stoichiometric deposition of CdTe,is close to 6 since for each Te atom one Cd atom is also
depleted through a six-electron transfer process [16]. Using the Faraday law of deposition, the
value ofn can be determined experimentally from the mass of the film and the total electric
charge passed during depositidn.is the solution volumeA is the deposition area amd is

the diffusion constant for HTefocations.

Deposition from Cl-free solutions follows equation (2) for a deposition potential in the
range—550 mV to —600 mV and a solution temperature in the rangé®Qo 86°C. The
experimental value foris in the range 5.8 to 7. At lower temperatures)creases appreciably
(e.gn = 14.4 at 38 C for deposition potential 600 mV) and equation (2) is not obeyed (unless
at the tail region of the current decay) indicating that deposition is not entirely controlled by
diffusion of HTeQ ions. At these low temperatures, only deposition potentials close to
—600 mV yield reasonably uniform and adherent films.

Deposition from Cl-containing solutions was studied for plating potentials in the range
—580 mV to—610 mV and solution temperatures in the range 259 he deposition current
density against time for different plating potentials at85s shown in figure 1. The validity
of equation (2) is evident from the linear semilogarithmic plots. The curve corresponding to
—590 mV measures an initial current densiyless than those for the other plots. This is due
to a lower initial concentration of HTeons in solution Co ~ 81 M) for this deposition
compared to 164—-178M for the other three curves.

From the measurement &f and the slope iz, the value of”; was determined as10 M.

For this,Cy was calculated from the mass of Te@lded the solution andwas obtained from
the mass of deposit and the electric charge involved (area urdelot).

The concentration of HTeDremaining in solution after a film is deposited is always
measured as less than the expected value obtainable from the initial concentration gf HTeO
in the solution and the amount of Te deposited out into the film. This is the case only when the
solution contains chlorine. This excess loss of HJ&Om solution is in a range to account
for the deposition of one excess Te for each two to three molecules of CdTe. Since XRD and
EDAX results did not show the presence of excess Te in films, the excessive loss is probably due
to the passivation of HTefDions through a reaction involving chlorine. The results revealed
that the concentration of the passivated HYé@hs increases with the deposition time.

Deposition in the range-580 to—610 mV and at some selected temperatures revealed
that, similar to the case for Cl-free solutiomsincreases as temperature is redugedaries
in the ranges 6.0-6.5, 7.0-9.5, 10.5-11.5 and 35-43, for deposition at 85, 63, 40°&hd 25
respectively. Films prepared at 40 and’25wvere uniform only when the deposition potential
was in the vicinity of—600 to—610 mV.
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Figure 1. Deposition current density against time for four samples prepared at different deposition
potentials from a solution of volume 750 ml at 85. The initial concentration of HTeDin

the solution was about 8&M for the lower plot (film thickness 0.6&m, area 33.3 cA) and
164-178uM for the other curves corresponding to film thicknesses in the range 1.3r1and
deposition areas in the range 34-3%cm

3.2. Film structure

The structure of films prepared at different potentials and temperatures, in the ranges discussed
above, was studied. Independent of temperature and potential, grains are highly oriented along
their (111) planes parallel to the substrate surface. The EDAX and XRD studies revealed that
all samples were stoichiometric. Peaks related to metallic Te or Cd were not observed in
any of the XRD spectra. Table 1 summarizes the result of measurements on the full width
at half maximum (FWHM) of the (111) peak, and the average size of grains in these films.
The average sizes of grains were estimated from SEM micrographs and also from the FWHM
values using the Scherrer formula [20]
D' = k\/B cosh. ?3)

D’ is the grain sizeB is the FWHM value A is the wavelength of the x-rays usedis the
diffraction angle corresponding to the XRD peak &@nd the Scherrer constant (0.94) which
depends on the crystallite shape. For calculatioD’¢fve tookk = 1, in line with widespread
practice. It should be noted that though equation (3) gives an approximate value for the grain
size it can be used safely for relative measurements.

The results of SEM studies revealed that deposition aCfelds grains with an average
size much below 100 nm, which thus, could not be seen in the SEM micrographs. Deposition at
40°C yields grains with a size2100 nm. Slightly larger grains (100-300 nm) can be obtained
at 63°C. At a higher deposition temperature (&), many small grains%100 nm) cluster
to form large domains, as figure 2 shows. These domains look like large grains (a fraction
of 1 um) under low SEM magnifications. The formation of domains was also observed in
the absence of chlorine in solution and, thus, is not related to the effect of chlorine. The
grain-cluster structure has also been observed in CdTe films deposited by sputtering [21].
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Table 1. The full width at half maximum (FWHM) of the (111) XRD peak, the grain size estimated
fromthe Scherrer equatio/, and from SEM measurement3, for a film of thicknes#, deposited
at temperaturd and potentialV’.

Thickness T \% FWHM D’ D
Sample  m) e mv)y () (nm)  (nm)
1S26 0.36 25 -580 0.280 32
2828 — 25 —-610 0.428 21
3829 0.72 40 -610 0.213 42 100
4834 11 63 —-580 0.237 38 100-150
5832 1.6 63 —-590 0.179 50 300
6S31 0.8 63 -610 0.206 44 200
7S38 1.3 85 —-580 0.205 44 100 (domains 500)
8S44 1.7 85 -590 0.193 a7 as above
9S42 14 85 —600 0.182 49 as above
10 s43 1.3 85 —610 0.195 46 smaller domains

The grain sizes calculated from FWHM values in table 1 are in the range of 40-50 nm
which are two to four times smaller than the sizes obtained from SEM studies. Such a
difference has also been observed in evaporated films of CdTe and is explained by the fact
that each grain observed by SEM is a cluster of submacroscopic crystallites [22]. This
implies that the grains in figure 2(a) are possibly composed of smaller crystallites that are
not observable.

The data in table 1 reveal that the grain size does not change appreciably with deposition
temperature in the range 40-85. However, deposition at room temperature yields smaller
grains. For films deposited at 6@ and 85 C, the grain size increases as deposition potential
is reduced from-580 mV to—600 mV; a similar effect has been reported for films deposited
from solutions without chlorine [23]. Further reduction of potentiaH610 mV decreases
the grain sizes. This is probably due to the effect of excess Cd in films. Excess Cd can
be deposited at-610 mV but apparently not to the extent detectable by XRD and EDAX
measurements. Films deposited at’85and —610 mV show a lower resistivity (a few
orders of magnitude) and negligible photoconductivity, possibly as a result of having excess
cadmium.

The lattice constants were calculated from the angular positions of the (111) peaks for
samples listed in table 1. The lattice constants for films deposited at the same temperature but
at different potentials were averaged. The average value for the lattice constant was 0.6507 nm,
0.6471 nm, 0.6469 nm and 0.6484 nm for films deposited aC8%3°C, 40°C and 25C,
respectively. The overall average for the ten films in table 1 is, however, 0.6474 nm, which
is very close to 0.6481 nm (JCPDS diffraction files) for powder CdTe [20] and 0.6479 nm for
films electrodeposited from CdgCsolutions [15]. Since powder samples are probably stress
free, the fact that the lattice constant along the [111] direction (normal to the film plane) is
greater or smaller than that of the powder samples indicates that there is compressive or tensile
stress in the film plane, respectively. From the above data one may conclude that the residual
stress along the film plane is negligible for films deposited &t@5-ilms deposited in the
40-60°C range have tensile residual stress, while films with larger lattice constants deposited
at 85°C have compressive residual stress. The compressive stress in the latter films is likely
related to the presence of domains in films prepared &€8%he domains consist of clustered
grains, as shown in figure 2.
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(b)

Figure 2. SEM views from the surface of CdTe films deposited at@85a) and at 63C (b);
deposition potential is-580 mV for both.

3.3. Bandgap energy levels

The spectrum of deep and shallow trapping levels and-tvecharacteristics in films deposited

at different temperatures and at different deposition potentials were studied and the results will
be reported. Here we report the typical characteristics for only one sample (S62), which was
deposited at 85C and at—580 mV. Figure 3 shows the PICTS spectrum for sample S62.
This spectrum was obtained during the first experiment done on this sample (run 1). The
Arrhenius plots corresponding to peaks A and B which are shown in the inset measure two
hole traps, 0.02 eV and 0.12 eV, above the valence band Bdg€here are apparently other
traps corresponding to other two peaks, occurring bet@®@ K and at about 340 K (peak
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Figure 3. Double-gate PICTS spectrum (run 1) for sample S62 (9] with a biasV = +0.5V

and an emission rate windowy, = 1445 s1. The Arrhenius plots of = ¢2/T,, (52 K1)
againstX = 1000/ 7;, (K~1) corresponding to peaks A and B are shown in the inset. The trap
energies, 0.02 eV (A) and 0.12 eV (B), and their capture cross sections measured from these plots
are listed in table 2.

C). The former was below the measurement limit and the latter did not move systematically
with varying emission rate window. This behaviour of peak C is probably due to the changes
occurring in the film properties at above room temperature. After temperature reached 400 K,
the sample was cooled to 80 K and the second run of measurements was performed during the
temperature rise. The result is presented in figure 4. Peak B becomes dominant while A and
C are shown as shoulders. The new hole traps are located at 0.06, 0.23 and 0.30 eV above
E,. The PICTS measurement on the same sample but with a negative bi¥sresulted

in an electron trap, 0.54 eV below the conduction band ddgeThe energy, capture cross
section and the type of trap in this sample is listed in table 2. The assignment of traps to trace
impurities, native defects and their complexes was done based on the numerous published data
in the literature, including [8, 11, 24—-29]. Peak A, in both runs, represents a shallow hole trap,
probably due to a trace impurity such as Li, Na, P, N [8, 24], oxygen [26] or/and a complex
defect like Té‘/CI;E [27]. Peak B in the first run can be assigned to a trace impurity like

Ag or to the complex defect &/CI;e [8,11,24,25]. Peak B in the second run represents a
complex defect, or a grain boundary (GB) defect. Peak C in run 2 can be assigned to Au, Ag
or, most likely, to a Cu trace impurity [8]. Copper can behave as an acceptor with ionization
energy of 0.30-0.35 eV, by substitution into Cd sites [28, 29]. The result of our measurements
on Cu-doped CdTe, electrodeposited from Cl-free solutions (not reported here) has revealed a
distinct hole trap afE, + 0.30 eV witho = 4 x 102! cn?. It has been demonstrated that Cu

can also create complexes with native defects and/or chlorine, giving rise to a band of defect
levels 0.11-0.23 eV aboug&,, which leads to self-compensation of the material [28, 29]. The
association of chlorine with this band of defects is supported by the fact that this defect band
was detected only in the present samples but not in any of the samples deposited from Cl-free
solutions [11].
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Figure 4. Double-gate PICTS spectrum (run 2) for sample 962= +0.5 V ande,, = 289 s'1.
The Arrhenius plots of = ¢2 /T, (s2 K1) againstX = 1000/ 7,, (K~1) shown in the inset,
correspond to hole traps with energies 0.06 eV (A), 0.23 eV (B) and 0.30 eV(C) @hovEhese
values and the capture cross sections are listed in table 2.

Table 2. Electrical and deep level parameters for a Q.91 thick CdTe sample (S62) deposited

atV = —580 mV andrl' ~ 85°C. The concentration of chlorine in solution was 0.06dVis the

trap apparent capture cross section &nhi$ its apparent ionization energy. TleV parameters

¢, n andm are, respectively, the barrier height, the ideality factor and the power factor. The type
of trap (electron or hole) is denoted by e or h respectively. The bias used for PICTS measurements
was +05 Vinrun 1 andrun 2 ang1Vinrun 3.

P E o
Run € cm) Forward bia® I-V parameters (eV) (cP Type Assignment
1 1x10° negative m=3/2 E,+0.02 45x 102 h  Li,Na, P,N[8,11], O [26],
2 negative E,+0.06 14x 102 h  T& /Cl}, [27]
1 E,+012 19x 102 h  Ag, V2 /CI%, [11,24,25]
2 E,+023 14x 10719 h  GB° complex defect [28, 29]
2 E,+030 31x101° h  Culs, 28]
3 positive n=137,¢§=093eV E.—054 57x 101 e C* [11]

a Bias polarity for forward current.
b Grain-boundary defect.

Temperature cycling during PICTS measurement can induce changes in the deep-level
spectrum as a result of structural changes, migration/activation of trace impurities and
formation of complex defects.

The hole traps measured for sample S62 in both PICTS runs and also for many other
samples are distinctly shallower than the hole traps in the n-type samples prepared from
solutions in which chlorine was not added intentionally. For the latter samples, the ionization
energy of the hole traps is greater thign+ 0.5 eV and the Fermi levell ; is slightly above the
intrinsic level E; [11]. Apparently, due to the presence of shallow hole traps in sample S62,
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Figure 5. Current—voltage characteristics for a virgin device on sample S62/Vielependence,

for negative biases, changes from ohmic at low biases to the powérdaw 2 at high biases. The

inset shows the downward band bending of CdTe at the gold interface, corresponding to a flat band
potential of 7.5 mV.

the Fermi level is situated below the Fermi level position in n-type samples. As a result, this
sample showed p-type behaviour despite its relatively high resistivity. This was established
from the downward band bending at the gold contact. The downward band bending, as shown
in the inset of figure 5, was determined from the easy direction of the photocurrent. The
flat-band potential was measured about 7.5 mV.

3.4. [-V characteristics

In the following discussions the back contact between CdTe and the substrate is taken to be
ohmic. This is probably the case since in the initial stage of deposition, non-stoichiometric
and, thus, highly defective monolayers are anticipated to form. Figure 5 shows-the
characteristics in the dark, for a virgin device that had been cut from sample S62. The forward
current corresponds to a negative bias that is in accordance with the downward band bending,
established from photocurrent measurements. The forward current varies in propoWtion to
indicating that the space-charge-limited current (SCLC) conduction is the dominant charge
transport mechanism [30]. In the conventional SCLC, where conduction is controlled by
discrete trapping levels, the power factomis= 2, as is the case shown in figure 5 in the
bias rangeV > 0.2 V. For another virgin device on this sample which was used for PICTS
measurements (table 2}, = 3/2 was obtained. The result of measurements on many other
samples revealed that for all samples with downward band bending and for which forward
current corresponds to negative biases, the power facteeither 2 or 3/2. When the carrier
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Figure 6. Current-voltage characteristics for the device of figure 5, after being heat treated in
vacuum. The reverse current corresponding to negative biases was unstable. The fit of forward
current to the diode equation gives an ideality faetes 1.37 and a barrier heiglgt = 0.93 eV.

drift mobility is field dependentn = 3/2. This is the case normally at high fields when the
drift velocity of warm carriers varies in proportion to the square root of the field [30]./Hwe

plots for films prepared from Cl-containing solutions, but at different deposition potentials,
have shownn values in the range 2.2-2.4 [14h > 2 is obtained in cases where there is a
set of trapping levels with an exponential energy distribution [30].

The I-V characteristics for sample S62, after it was subjected to two temperature scans
(80—400 K) in vacuum, are shown in figure 6. Similar to the case for n-type films prepared from
Cl-free solutions, the forward current corresponds to positive biases, and obeys the Schottky
barrier equatiod = IpexplqV /nkT), where the parameters have their usual meanings [10].
The fit of data to this equation gives an ideality factee 1.37 and a barrier height = 0.93 eV.

These parameters are identical to those for Au/CdTe devices fabricated with ohmic back
contacts from Cl-free solutions [10]. The reverse current in figure 6 and in all other similar
cases was unstable and relatively high. The change in the type of transport mechanism, which
is due to the change in band bending, indicates Ehatas been shifted towards. as a result

of heat treatment. This upward shift is also in accordance with the development of deeper hole
traps (figure 4), and the electron trap (entry 6, table 2) with heat treatment in vacuum. The heat
treatment of films in air (350—-40Q) and before the deposition of gold electrodes, also yields
Schottky-barrier typd—V characteristics.
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Figure 7. Quantum efficiency, in arbitrary units, against the incident photon endtdgr samples
S62 and S3 (deposited from a Cl-free solution). For béthyas determined under short-circuit
conditions. The direct optical transitions at 300 K are 1.460 eV and 1.487 eV, respectively.

3.5. Photocurrent spectral response

Figure 7 shows the spectral response for samples S62 and S3. The latter is a sample deposited
at the same condition as for sample S6580 mV, 65°C) but from a Cl-free solution. In

figure 7 the quantum efficiendy (photocurrent normalized to the photon flux at the Au/CdTe
interface) is plotted in arbitrary units against the incident photon enerdgior photon energies

close to the material bandgap, the optical absorption coefficient is not too high andRthus,
becomes proportional to it. In this range of photon energies, a ploR &2 againstE is
expected to yield a straight line with a horizontal intercept equal to the direct optical transition
across the bandgap. Such plots are shown for both samples in figure 7. The direct transition
in sample S62 (1.460 eV) is about 0.03 eV smaller than the direct transition (1.487 eV) in
S3. This difference can be attributed to the presence of the 0.02 eV and 0.06 eV energy levels
aboveE, (see table 2) in sample S62. No such shallow levels could be detected in samples
like S3, which were prepared from Cl-free solutions [11].
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4. Conclusions

The presence of chlorine in solution has no apparent effect on the deposition mechanism
that remains a diffusion-controlled process in a certain range of temperature and potential.
However, the effect of chlorine is the partial passivation of HJe@tions.

The presence of chlorine has no apparent effect on the morphology and structure of films.
These properties depend on the deposition parameters such as temperature and potential.

Films deposited from Cl-containing solutions exhibit several shallow hole traps in their
energy bandgap that do not exist in films deposited in the absence of chlorine. These traps
lower the position of the Fermi level towards the valence band, causing a slight downward
band bending at the Au/CdTe contact in contrast to upward band bending in films prepared
from Cl-free solutions.
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