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Abstract

Ultrafast transient absorption pump-probe spectroscopy (TAPPS) has been em-
ployed to investigate charge carrier relaxation in cadmium sulfide/cadmium telluride
(CdS/CdTe) nanoparticle (NP)-based thin films and electron transfer (ET) processes
between CdTe and CdS. Effects of post-growth annealing treatments to ET processes
have been investigated by carrying out TAPPS experiments on three CdS/CdTe sam-
ples: as deposited, heat treated, and CdCly treated. Clear evidence of ET process
in the treated thin films has been observed by comparing transient absorption (TA)
spectra of CdS/CdTe thin films to those of CdS and CdTe. Quantitative comparison
between ultrafast kinetics at different probe wavelengths unravels the ET processes and
enables determination of its rate constants. Implication of the photoinduced dynamics

to photovoltaic devices is discussed.

Keywords: ultrafast laser spectroscopy, transient absorption, interface defects, CdCls post-

growth annealing treatment, band-filling effect.
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Charge transfer processes in CdS/CdTe thin films have been studied by femtosecond transient

absorption spectroscopy.
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1 Introduction

Cadmium telluride (CdTe) is one of the leading thin film materials for photovoltaic (PV)
applications.!? The advantage of using CdTe in thin-film solar cells lies on the fact that it is
a direct band gap material with high absorption compared to silicon and the ease of device
processing and high stability. It can be deposited on conducting glass in thin film form with
a typical thickness of a few microns at low temperature. The CdS/CdTe heterojunction
with CdTe as the absorber layer and CdS as the window layer remains as one of the most
promising structures for the production of low-cost PV modules. Although the efficiency of
CdS/CdTe thin-film solar cells was stagnated at ~16%2* for the last two decades, during
the past 2-3 years, the efficiency has rapidly increased from ~16% to 21.5%.° However,
this efficiency is still lower than the theoretical maximum efficiency of 29% for a single-
band-gap CdTe junction.®” Unraveling the charge carrier relaxation and charge transfer
(CT) processes in CdS/CdTe thin films is therefore of high significance for further progress.
CdS/CdTe heterojunction is also used to make type II core-shell quantum dots (QDs)® % as
well as nanorods. ! The CdS/CdTe QD is particularly attractive because of the high efficiency
of charge transfer across its interface, which gives the potential benefits in optoelectronics
devices and future QD-sensitized solar cells.

Charge carrier relaxation and CT processes in CdS/CdTe QDs have been investigated
by ultrafast laser spectroscopy.®!? Both electron transfer from the conduction band of CdTe
to CdS® and hole transfer from the valence band of CdS to CdTe!® have been observed
in ultrafast transient absorption spectroscopy measurements. It has been shown that the
charge transfer processes are affected by thickness of the CdS shell. However, fewer transient
absorption spectroscopy measurements have been carried out on CdS and CdS/CdTe thin
films.'? The objective of the present investigation is therefore to unravel the photoinduced
processes in CdS/CdTe thin films using the transient absorption technique. Steady-state
UV /visible absorption spectra and photoluminescence (PL) spectra were also obtained to

help interpret the ultrafast spectroscopy results. Furthermore, CdS and CdTe thin films
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were studied for comparison.

Performance of a heterojunction depends on thin film deposition and subsequent pro-
cessing. > 1% The resulting interface structure plays an important role in charge transfer.
In the CdS/CdTe heterojunction, a CdS,Te;_,/CdTe,S;_, interface layer is formed by in-
terdiffusion and interaction. CdCl, treatment or “junction activation” increases the atomic
mobility of CdS or CdTe at the annealing temperature via different mechanisms including
grain growth, passivation of interface defects, and changing the abrupt junction into a graded
one.'” Heat treatment at low temperature improves crystallinity and purity.'® Recently, in-
tense pulsed light (IPL) treatment was applied on CdTe nanoparticle thin films.'>! Upon
[PL treatment with an optimized pulse energy, optimum recrystallization and decrease in de-
fects were achieved. Grains as large as 2 um were observed. IPL-treated CdTe thin films are
therefore of potential benefit in producing thin-film solar cells with high efficiency. In order
to determine the effects of different sample treatment processes on charge carrier relaxation
and especially CT processes, three types of CdS/CdTe films: as deposited, heat treated,
and CdCl, treated, were studied in transient absorption experiment and their spectra are

compared, which demonstrates different photoinduced processes.

2 Experimental

2.1 Preparation of as-deposited CdS, CdTe and CdS/CdTe thin

films

Thin films of CdS and CdTe were deposited using 2-electrode cathodic electrochemical de-
position onto fluorinated tin oxide glass substrates (FTO, Tec 8, Hartford Glass Inc.).'3
CdS was deposited from an aqueous 0.3 M cadmium chloride (CdCl,, Sigma Aldrich) so-
lution, using sodium thiosulfate as the sulfur source. The pH of the bath was lowered to

pH=2.00 using hydrochloric acid. The films were grown at 1.500 V to produce slightly cad-

mium rich films. CdTe was also deposited from an aqueous bath, however in this case 0.5 M
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cadmium sulfate (CdSOy, Sigma Aldrich) and a dilute solution of tellurium dioxide (TeOs,,
Sigma Aldrich) were used as the cadmium and tellurium sources, respectively. The CdTe
films were grown at a pH of 1.44 and growth voltage of 1.701 V. The thickness of the films
was controlled by varying the growth time and was measured using a Technor Instruments
Alpha-Step 500 surface profiler. CdS/CdTe films were grown under the same conditions
described above. However prior to CdTe deposition, the CdS films were heat treated with
CdCly (Section 2.2). It is worth noting that ~100 nm thick CdTe layer used in the present
work is not fully formed as the material used in complete devices, which normally has a
thickness of ~1.5 pm. The layers used here are in early stages of formation, and therefore

consists of nano-particles.

2.2 Heat treatment with and without cadmium chloride

Heat Treatment without CdCly: The samples were heat treated on a hot plate in atmospheric

conditions, first from room temperature to 100°C for 5 minutes and then to 400°C for 10
minutes. They were then allowed to cool on the hotplate for 10 minutes.

Heat Treatment with CdCls: Prior to heat treatment, a saturated aqueous solution of cad-

mium chloride (CdCl,, Sigma Aldrich) was spread over the surface of the films and allowed

to dry. The samples were then heated following the method described above.
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2.3 Steady-state UV /visible absorption and photoluminescence spec-

troscopy

UV /visible absorption spectra of CdS/CdTe thin films were obtained using a Perkin Elmer
Lambda 950 UV /Vis/NIR spectrometer. PL spectra were obtained using a Renishaw InVia
Raman microscope with the 442 nm output from a Helium-Cadmium laser used as the

excitation source.
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2.4 Ultrafast transient absorption pump-probe spectroscopy (TAPPS)

Ultrafast TAPPS measurements were performed on CdS, CdTe and CdS/CdTe thin films.
The TAPPS system?® uses an ultrafast Ti:Sapphire laser amplifier system (Clark-MXR,
ShapeShifter, wavelength=775 nm, pulse duration<150 fs, pulse energy~1 mJ at 1 kHz
repetition rate). For the present experiment, pump sources with two different wavelengths
were used: (i) output of the regenerative amplifier (775 nm) and (ii) second harmonics
of the CPA output (388 nm) by frequency doubling in a BBO crystal. A neutral density
filter attenuates the pump beams and a fluence of ~20 uJ/cm? was used for all TA spectra
reported in this paper. Part of the CPA output is also separated to pump a 3 mm-thick
sapphire plate to generate supercontinuum white-light (420-1600 nm), which is used as the
probe source. Transmission of the probe beam is dispersed by a curved grating and detected
by a linear array CMOS detector in the wavelength range of 430 nm to 730 nm. The pump
beam is modulated by an optical chopper revolving at 500 Hz, half of the repetition rate of
the femtosecond laser, and the transient absorption (TA) signal is recorded as the change
in optical density (AOD) with pump beam blocked and unblocked. Time delay between
pump and probe pulses (At) is variable by moving a retroreflector on a computer-controlled
translation stage which reflects the pump beam. All TAPPS measurements were performed
by pumping the sample from the glass/FTO substrate side to reduce the heating effect. For
CdS/CdTe thin films, the laser beams transmit through the CdS layer before they reach the

CdTe layer.

3 Results

3.1 Steady-state UV /visible absorption

The band gaps of CdS and CdTe bulk semiconductor at room temperature are 2.42 eV (512

nm)?! and 1.44 eV (861 nm),?? respectively. CdS and CdTe nanoparticle (NP)-based thin
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films made by electrochemical deposition show slightly higher values due to quantum effects
(2.46 eV for CdS and 1.51 eV for CdTe). These increased band gap values can also be arise due
to transmission of light through pin-holes in very thin layers used in this work. UV /visible
absorption spectra of FTO, FTO/CdS, and FTO/CdTe are given in the Supplementary
Information (Figure S.1 and S.2). For all three CdS/CdTe samples (as deposited, heat
treated, and CdCly treated), the absorption spectra (Figure 1) are dominated by strong
absorption of CdS, presented as a step at ~490 nm (2.53 V). The baselines that extend into

near-IR region is attributed mainly to CdTe absorption.

3.2 Photoluminescence spectroscopy

Figure 2 shows the PL spectra of glass/FTO/CdS/CdTe structure at room temperature,
while those of FTO, FTO/CdS, and FTO/CdTe are given in the Supplementary Information
(Figure S.3 and S.4). Measurements were confined to a photon energy range of 1.30 eV to 3.00
eV. The peak appearing at ~2.42 eV corresponds to the band-to-band electron transitions
of CdS. This value is close to the reported energy band gap of bulk CdS material. The
highest intensity peak occurs at a value of ~1.48 eV, which corresponds to the band-to-
band transition in the CdTe material. This energy gap is close to the reported band gap of
CdTe thin films. However, this peak covers the range from 1.30 eV to 1.70 eV, indicating
contributions from donor-to-acceptor and donor-to-valence band transitions. This suggests
that the material contains numerous shallow defects close to the conduction and valence
bands, which causes the redshift of the band gap. The spread toward 1.70 eV could arise
from the combination of quantum effects from nano-crystalline particles of CdTe. Another
effect will appear from the presence of CdS,Te;_, alloy at the interface, which will have a
higher energy gap than that of the net CdTe thin film (~1.48 eV). The broad shoulder at
~2.08 eV could arise from the phase of CdS,Te;_, alloy or defect level present in the CdS
layer.

The band to band transition of CdTe ( 1.48 €¢V) in the PL spectrum of the CdS/CdTe
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thin film after heat treatment in air without CdCl, resulted in a relative decrease in intensity
compared to that treated with CdCly (Figure 2). This result indicates that CdCl, is needed
during heat treatment to avoid deterioration of the films properties. During heat treatment
without CdCl,, the CdTe layer deteriorates due to loss of material through sublimation. In
the presence of CdCl,, the CdTe layer improves in every aspect: Recrystallization, removal
of defects, and drastic enhancement of device efficiencies are experimentally observed, al-
though a full understanding of the mechanisms is not yet achieved. The heat treatment with
CdCly improves the electrical and optical properties of the CdTe layer too. The increase in
the intensity of the band-to-band transition and reduction in the peak width are positive
indications of the decrease in shallow defects in the band gap. This is one of the main reasons

why the CdS/CdTe solar cell efficiencies increase after CdCly treatment.

3.3 TA spectra of CdS and CdTe thin films

As a control, TA spectra of CdS and CdTe thin films were obtained with pump photon
energies above their respective band gaps. The CdTe thin film was excited by a 775 nm
(1.60 eV) pump beam. The TA spectra using a white-light probe beam show mostly only
positive signals (Figure 3a) that is attributed to photoinduced absorption (PA) of CdTe.
Figure 3b shows the transient kinetics at three different probe wavelengths of 450, 480 and
650 nm. The kinetics at all wavelengths are triphasic, exhibiting a fast decay with time
constant ~5 ps that dominates the first 20 ps, a slow decay that extends to ~ 500 ps, and
a decay with an intermediate rate afterwards. The fast decay is attributed to charge carrier
trapping. The decay constants are significantly different for different wavelengths and are
in general smaller at shorter wavelengths, indicating faster trapping. The two slower decay
components are due to recombination of charge carriers. Toward the short wavelength limit
of the array detector (~430 nm), a negative signal was observed ~5 ps after photoexcitation.
(See, for instance, the kinetics at 480 nm and 450 nm in Figure 3b). Such a negative signal

is assigned to ground-state photobleaching (PB) as the wavelengths are shorter than that of
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the pump source. The negative signal toward the long-wavelength limit of the array detector
(~730 nm), is attributed to stimulated emission (SE) because it is consistent with the strong
CdTe peak in the PL spectra in the same region (Figure 2).

TA spectra of CdS were also obtained using 388 nm (3.20 eV) pump beam (Figure
4a). A strong negative signal was observed around 480 nm, consistent with the ~490 nm
step in the steady-state absorption spectrum (Figure 1). Previously, excition dynamics
of CdS thin films produced by chemical bath deposition (CBD) and DC pulse sputtering
(DCPS) has been investigated by TAPPS with 460 nm pumping.'? The observed negative
TA signal was attributed to PB. Timescales of different components of the recovery kinetics
were determined by singular value decomposition (SVD) and attributed to various electron
relaxation processes following photoexcitation. The negative TA signal of CdS thin films in
the present investigation is therefore attributed mainly to PB due to the CdS absorption as
well although contribution from stimulated emission (SE) cannot be completely ruled out.
Unlike Ref. 12, TA spectrum of CdS in the present work does not show any positive signal
in the probe region. The difference between the TA spectra of Ref. 12 and the present work
may be due to different sample preparation methods and different pump wavelengths. In
Ref. 12, a positive signal was observed in the short-wavelength region, namely, 10 nm (for
DCPS-prepared CdS) and 20 nm (for CBD-prepared CdS) to the blue of the negative peak
of the TA spectrum. The decrease of the negative signal in the short-wavelength region
(<475 nm) of the CdS TA spectrum from the present experiment (Figure 4a) is therefore
most probably due to the contribution from the positive PA process. At all wavelengths, the
decay kinetics is almost identical with a fast and a slow time constant of ~1 ps ~400 ps,
respectively (Figure 4b). The fast and slow decay components are attributed to donor level
electron trapping and charge recombination processes, respectively.'? Fit time constants are
provided in Supplementary Information (Table S.1). TA measurement of the CdS thin films
with a 775 nm pump wavelength was attempted. No TA signal was observed, ruling out the

possibility of absorption to defect states.

10
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3.4 TA spectra of CdS/CdTe thin films

TA spectra of CdS/CdTe thin films with a 775 nm pump are shown in Figure 5. The
advantage of using a 775 nm pump is that, given its photon energy (hr=1.60 eV), band-to-
band transition is possible only in CdTe, which simplifies the TA spectra and kinetics. The
TA spectrum of as-deposited CdS/CdTe (Figure 5a) is therefore very similar to that of CdTe
(Figure 3), dominated by positive PA signal of CdTe over the range of detection. However,
a new feature, a dip around 480 nm (2.58 eV) is observed for the CdS/CdTe sample. By
measuring the pump-energy-dependence of the depth of the dip, the possibility of nonlinear
processes can be ruled out. Because of the lack of strong absorption at 775 nm by CdS
(Figure 1) and the negative result from TA measurement of CdS thin films pumped at 775
nm, such a dip cannot be explained by PB or SE of CdS. It may be attributed either to
PB signal due to absorption to defect states at the CdS/CdTe interface or to band filling
of CdS due to electron transfer from the conduction band of CdTe to that of CdS following
photoexcitation of CdTe (Figure 6), which suppresses interband transition in CdS and hence
makes a negative contribution to the TA signal. The wavelength of the dip is consistent
with the CdS absorption peak in the UV /visible spectrum (Figure 1) and the negative PB
peak in the TA spectrum of the CdS thin film (Figure 4a), suggesting that the dominant
contribution to the dip is from state filling. Note that the band gap of CdTe in the as-
deposited CdS/CdTe thin film is ~1.48 eV, lower but close to the pump photon energy, and
its conduction band edge is close but slightly higher than CdS (~0.31 eV),?* which facilitates
electron transfer from CdTe to CdS.

For heat-treated and CdCls-treated CdS/CdTe films, the dip at 480 nm is enhanced
(Figures 5b and 5c¢). It is well know that post-growth annealing treatments reduce the
defect states, which would decrease any possible negative PB signal due to absorption to
defect states. The enhancement of the dip at 480 nm is therefore caused by more efficient
electron transfer from CdTe to CdS in the treated samples.

Transient kinetics of all three samples at three probe wavelengths (480 nm, 575 nm, 700

11
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nm) are illustrated and compared in Figure 7. Unlike the CdTe thin film (Figure 3b), decay
kinetics of the positive signal of the as-deposited CdS/CdTe sample at different probe wave-
lengths are similar to one another. A single exponential decay with average time constant of
4.34+0.07 ps was observed. In addition, at 575 nm and 700 nm probe wavelengths, transient
kinetics of all three samples are similar to one another because the positive signal in the
long wavelength region is almost completely due to PA in CdTe and not affected by the
treatments. The decay of the PA signal is attributed to charge trapping process, which is
also observed in the TA spectra of the CdTe thin film. No slow processes like those in the
CdTe thin film were observed for CdS/CdTe, suggesting the absence of recombination on
this timescale.

Decay kinetics of the treated samples at 480 nm (Figure 7a) are complicated as a combina-
tion of charge carrier relaxation and charge transfer. Overall, they decay about twice as fast
as the other two probe wavelengths. The transient kinetics therefore provide further evidence
for enhancement of electron transfer in CdS/CdTe thin film structure upon treatments. In
order to derive quantitative information of electron transfer, transient kinetics (normalized
AOD(t)) at 480 nm is subtracted from those at 700 nm. Such subtraction separates the neg-
ative contribution at 480 nm from the positive PA background. Results of the substraction
(AAOD) are illustrated in Figure 8. For the as-deposited sample, the subtracted kinetics
does not demonstrate decay or growth. For the treated samples, a single-exponential growth
is observable, corresponding to electron transfer from CdTe to CdS, which results in the dip

at 480 nm. The exponential growth is fit to a function:

AAOD(t) = AAODy + Ay (1 — e7Fert) (1)

The electron transfer rate kgr is determined to be 0.2640.01 ps~! for the heat-treated sample
and 0.5540.02 ps~! for the CdCly-treated sample. The quality of the fitting (Figures 8b and
8¢) confirms that the dominate contribution to the dip at 480 nm is state filling following

electron transfer.

12
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4 Conclusions

To summarize, photoinduced processes in as-deposited, heat-treated, and CdCls-treated
CdS/CdTe thin films were studied by TAPPS measurements with a 775 nm (1.60 €V) pump
wavelength. Aided by results from the accompanying absorption and PL measurements and
using net CdTe and CdS thin films as controls, the TA spectra and kinetics were quantita-
tively interpreted. Band-to-band electron transition in CdTe is followed by electron transfer
to CdS, which causes the 480-nm “dip” in the overall positive PA background due to CdTe
absorption. Such electron transfer process has been significantly enhanced in the heat- and
CdCl,-treated thin films compared to the as-deposited one.

It is well known that CdCl, treatment of CdS/CdTe leads to higher efficiency in photo-
voltaic devices. The underlying mechanism, however, remains elusive. The present work pro-
vides a possible explanation to this phenomenon: Passivation of interface defects in treated
samples enhances the CT processes and influences the competition between relaxation and
CT processes. More efficient charge separation and collection is hence achieved by improved
electron transfer from CdTe to CdS. Although the exact mechanism for enhancement of hole
transfer is still to be explored, several facts might contribute to it. First, there is a drastic
reduction of defects within CdTe upon CdCl; treatment. In a recent PL study, it was found
that CdCl; treatment and annealing eliminates two out of the four defect levels and the
mid-gap recombination centers are largely reduced,?! confirming previous observations. Fur-
thermore, UV photoemission spectroscopy?® and X-ray photoemission spectroscopy?® mea-
surements showed that upon CdCl, treatment, the Fermi level of CdTe thin film is shifted
close to the conduction band minimum. As a result, p-type CdTe gradually changes towards
n-type and n-type CdTe (such as that used in the present work) gradually changes towards
p-type. It has also been experimentally shown that this process keeps the CdTe n-type, pins
the Fermi level close to the valence band maximum at the free surface of CdTe, and hence
forming a large Schottky barrier.! The combination of the Schottky barrier and the n — n

heterojunction at the CdTe/CdS interface formes a strong electric field within the CdTe

13
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layer due to the formation of a healthy depletion region in it. These two facts, in addition
to re-crystallization, and reduction of grain boundaries and defects in the CdCls-treated
CdS/CdTe thin film'>' may be used to explain the enhancement of electron transfer in

such structures.
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Figure 1: UV /visible/near-IR absorption spectra of CdS/CdTe thin films.
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Figure 2: Photoluminescence (PL) spectra of CdS/CdTe thin films with a 442 nm (2.81 eV)

excitation.
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Figure 3: (a) TA spectra of CdTe thin films at At=1, 5, 10, 100, 500, and 1000 ps with a
775 nm pump wavelength. (b) Normalized transient kinetics at 450 nm, 480 nm, and 650
nm probe wavelengths. Red lines represent the simulation of exponential decay in the first
delay time region of 0-20 ps. The fit time constants are 4.25+0.11 ps, 4.93+0.11 ps, and
5.55+0.10 ps for 450 nm, 480 nm, and 650 nm decay kinetics, respectively.
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Figure 4: (a) TA spectra of CdS thin films at A¢t=1, 10, 100, 500, and 1000 ps with a 388
nm pump wavelength. (b) Normalized transient kinetics at 455 nm, 475 nm and 530 nm

probe wavelengths.
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Figure 6: Schematic diagram of band structure, photoexcitation, and charge transfer process

in CdS/CdTe thin films.
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Figure 8: Subtraction of kinetics at 480 nm (Figure 7a) from that at 700 nm (Figure 7c)
of (a) as-deposited; (b) heat-treated, and (c) CdCly-treated CdS/CdTe thin films with a
775 nm pump wavelength. AAOD = AO D7oonm — AODygonm. The thick dark lines are fit
kinetics that represents the electron transfer as described in the text.
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