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a b s t r a c t

A microdynamics study of high-quality CdTe/ligand self-assembled quantum dots (QDs) is significant
because it is closely related to the energy transformation among specific quantum states, such as the
electron and vibration levels of an elementary reaction. Transient photovoltaic (TPV) technology was
used to probe the microdynamics behavior of the photogenerated carriers in the QDs. The TPV polarity
of the nanocrystalline CdTe particles depended on the type of capping ligand used [3-mercaptopropionic
acid (MPA) or �-mercaptoethylamine (MA)] because of a quantum tunneling effect. This resulted in a
negative TPV polarity of the MPA samples upon illumination with a laser pulse of 532 nm and excitation
intensity of 50 �J, the opposite to the situation for the MA sample. The effect of the concentration of
Cd2+ cations on the separation and recombination rates of the photo-induced free charge carriers of the
CdTe/MPA self-assembled QDs was negligible. The different chemical bonds that formed at the interface
hotoacoustic spectroscopy between the core-CdTe nanoparticles and the capping ligand led to the change in the intensity of the
photoacoustic signal in the 550–800 nm region caused by the non-radiative de-excitations as compared
to the CdTe QDs capped by MA with that capped by MPA, and to the differences in the Raman scattering
between the two samples. The property of those lattice vibration quantum states locating at the Brillouin
zone boundary or near the Brillouin zone boundary was associated to a great extent with the formation
of the shell-CdS in between the core-CdTe and the capping ligand according to the computer simulation

results.

. Introduction

The semiconductor nanocrystals known as quantum dots (QDs)
ave aroused great interest in theoretical research and experimen-
al work in the fields of optical, electrical and magnetic materials,
ecause of their quantum confinement effects [1–4]. One particu-

ar high-quality QD consisting of II/VI semiconductors, a core–shell
tructural nanocrystalline CdTe capped by various ligands, has the
otential for widespread use in the fields of biomarkers, lumi-
escent materials, and photon crystals [5–7]. In the past decade,
esearch into the characteristics of CdTe/ligand self-assembled
Ds, such as their photoluminescence and microstructure, and

nto their use in hetero-junctions, [8–11], has been steadily on
he increase. In terms of the methods used to research this mate-
ial, surface photovoltaic technology has been less utilized than

ethods such as luminescent spectroscopy and absorption spec-

rometry, even though it is a very efficient tool for probing the
urface electron structure and photoexcited charge transfer (CT)
ransition behavior at surfaces and grain boundaries of semicon-
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ductor nanocrystalline particles [12,13]. In our previous study [14],
the mechanism of charge transport in CdTe QDs capped by a lig-
and of 3-mercaptopropionic acid (MPA) or �-mercaptoethylamine
(MA), was probed by a combination of surface photovoltaic (SPV)
and photoacoustic (PA) techniques, in which it was directly exper-
imentally confirmed that a layer of CdTe1−xSx (0 < x ≤ 1) formed
at the interface in between the nanocrystalline CdTe particles and
the ligand. However, steady-state photovoltage spectroscopy can-
not directly probe the microdynamics of the photoinduced carriers
which is vital to interpret the systemic macrodynamic phenomena.
As is well known, the study of microdynamics for semiconduc-
tor nanocrystals is closely related to the energy transformation
among specific quantum states, such as the electron and vibra-
tion levels of an elementary reaction. But some low-frequency
technologies (generally at 10–1000 Hz), for example, impedance
spectroscopy and light-current spectrum, only provide informa-
tion on the microscopic processes relating to the time and space
averages of macro-parameters [15,16]. Fortunately, the transient

photovoltage (TPV) technique can directly provide information
about photoinduced charge separation dynamics [17–20]. And the
specific quantum states of the ligand-capped CdTe QDs may be
associated with both CT transition behaviors of photon excitation
and lattice vibrations caused by photoelectron non-radiative de-
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cheme 1. Home-built set-up for transient photovoltaic spectroscopy. Thick hollow
nd the thin solid arrows represent cable connections; details of the sample cell (a)

xcitation processes, especially by means of the combination of
hotovoltaic and photoacoustic technologies. However, this has
eldom been reported so far. In the present paper, we focus atten-
ion on probing the CT transition microdynamics of CdTe/ligand
elf-assembled QDs, according to the results of TPV measurements,
upplemented by SPV, PA, and laser Raman spectra, and by a com-
uter simulation method using the CASTEP module in the materials
tudio software.

. Experimental

.1. Sample preparation

CdTe nanocrystals were prepared according a previously pub-
ished method of aqueous synthesis at room temperature [21,22].
riefly, freshly prepared NaHTe solution was injected into a solu-
ion of CdCl2 and MPA or MA which was degassed with N2 for
0 min at pH 9.5. The concentration of CdCl2 was 1.25 × 10−3 mol/L
nd the Cd2+/MPA (or MA)/Te2−molar ratio was 1:2.4:0.2. The crude
olution was refluxed at 100 ◦C for 10 h to obtain CdTe nanocrys-
als. The number of CdTe nanocrystals in solution was calculated as
0−5 to 10−6 mol/L.

The samples prepared were denoted as MPA-r, MPA-l, and MA-
, where MPA-r indicated MPA-capped CdTe nanoparticles with
n average particle size of 4.0 nm (red) at a Cd2+ concentration
f 0.01 M; MPA-l denoted the sample prepared at a lower Cd2+

oncentration (0.001 M); MA-r was MA-capped CdTe nanoparticles
ith an average particle size of 4.0 nm (red) at a Cd2+ concentration

f 0.01 M.
The X-ray diffraction (XRD) pattern was obtained using a Rigaku

/Max-2500/PC X-ray diffractometer with Cu K� radiation. The
icrostructure and component were determined by a confocal

aman microscope (inVia, England). All optical measurements
ere performed at room temperature under ambient conditions.

.2. TPV, SPV, and PA spectroscopy

Scheme 1 shows the TPV testing equipment diagram and
etailed structure of the sample cell. The light source was a YAG:Nd
ulse laser (Polaris II, New Wave Research, Inc. USA);, the pulse half-
idth was 5 ns, and the base frequency 1064 nm was converted by
frequency-doubling crystal to a 532 nm laser beam. In the testing

rocess, the intensity of the laser light could be adjusted by a gradi-
nt circular neutral density filter. The attenuated laser illuminated
he sample cell. Scheme 1a illustrates that the platinum network in
he cell allowed it to play the role of the electrode, while allowing
he light through. The wafer-thin mica sheet was placed between
indicates the primary laser; the thin hollow arrows indicate the attenuated laser;
lso included.

the platinum network and the sample. Another electrode was a
transparent conductive indium tin oxide glass.

The setup diagram and the principle of steady-state SPV and
PA spectroscopy were described in detail elsewhere [23,24]. In our
experiment the detection device and the conditions of the two tests,
with illumination by ultraviolet-near infrared (UV–NIR) light, were
the same except for exchanging the sample cells. The resulting PA
spectra of the samples were normalized using the spectrum of car-
bon black. SPV and PA technologies can also be used effectively
to get information about photoelectron behaviors at interfaces,
because the techniques are by no means sensitive only to surfaces.
Rather, they are sensitive to the entire surface space charge region
(SCR) by super- or sub-bandgap absorption, even to buried inter-
faces located anywhere in the sample, as long as they can be reached
by photons [23].

3. Results and discussion

3.1. Microstructure of the samples

Fig. 1a shows XRD pattern of the prepared CdTe nanocrystal
capped by MPA. According to the Scherrer formulae the average
particle size of the sample was about 3 nm; the three peaks that
located at 24.42◦, 40.82◦, and 47.76◦ in Fig. 1a corresponded to plans
(1 1 1), (2 2 0), and (3 1 1), respectively; in contrast to the Standard
Spectra JCPDS 15-0770 these peaks were intermediate between
that of CdTe and CdS, but were shifted to be more of CdTe than CdS.
The results above imply that small quantities of CdS were formed
on CdTe nanoparticles. Furthermore, a distortion of the lattice cell
occurred because S atoms in ligand MPA partially replaced Te atoms
that located at the surfaces and the boundary of CdTe nanoparticles,
as illustrated in Fig. 1b.

3.2. Analysis of TPV spectroscopy

Fig. 2 displays the TPV spectra of the samples MPA-r, MPA-l,
and MA-r. The difference in the TPV responses between the sam-
ples MA-r and MPA-r is as follows. First, the polarity of the TPV
response of the sample MA-r was positive, whereas that of the sam-
ple MPA-r was negative. Second, the range of the TPV response of
the sample MA-r was broader than that of the sample MPA-r. Third,
the extrema of the TPV response of MA-r and MPA-r appeared at

2.3 × 10−6 s and 2.2 × 10−7 s, respectively. In addition, the TPV char-
acteristic of the sample MPA-l was very similar to that of the sample
MPA-r as seen in Fig. 2.

The results mentioned above show that the TPV polarity was
closely dependent on the type of ligand that capped the nanocrys-
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ig. 1. XRD pattern of the sample MPA-r (a); the skeleton map of the plane (1 1 1) o
roup.

alline CdTe particles. Specifically, the sample MA-r displayed an
-type TPV characteristic because of its positive TPV response upon

llumination by excitation wavelength of 532 nm and intensity
0 �J, while the sample MPA-r exhibited a p-type TPV characteris-
ic because of its negative TPV response upon being illuminated by
he same laser pulse according to the literature [25]. This is in good
greement with the results of the electric field-induced SPV spec-
ra of the two samples [14]. Our previous work [14] established
hat another transport tunnel for photoexcited free charge carri-
rs (FCCs) was existed between the ligand and the nanocrystalline
dTe particles, apart from the normal charge transport tunnel of the
hoto-induced FCCs. The former was related to the quantum tunnel
ffect, and the direction of electronic movement in the tunnel was
pposite to that of the latter. Consequently, the overall direction
f movement of the photo-generated FCCs should result from the
ombined influence of the build-in field and the quantum tunnel
ffect of the material. This model is strongly supported by the p-
ype TPV characteristic of the sample MPA-r at 532 nm laser pulse
nd 50 �J excitation intensity. In other words, the MPA-capped
ano-CdTe possessed a more obvious quantum tunnel effect as
ompared to the MA-capped nano-CdTe, which is responsible for
he negative transient PV polarity of the sample MPA-r in Fig. 2.

According to Ref. [17] the extent of the TPV response depends
n the proportion of the thickness of SCR to the length of the FCCs
rift in SCR, and/or on the diffusion distance of electron–hole pairs.
herefore, it is supposed that the rapid decay of the TPV response

f the samples MPA-r in Fig. 2 may be attributed to the fact that
he length of the FCCs drift was equal to the thickness of surface (or
nterface) SCR, while the slow decay of the TPV response of the sam-
le MA-r in Fig. 2 may result from the thickness being larger than
he length. More specifically, the thickness of the interface SCR1
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ig. 2. Transient photovoltage spectra of the samples MA-r, MPA-r, and MPA-l.
1−xSx (0 < x ≤ 1) (b), in which another bond of S may be bonded to a carboxylic acid

between the core-CdTe and the CdS layer of the ligand MA-capped
CdTe nanoparticles was larger than that of the ligand MPA-capped
CdTe nanoparticles because of the difference in the chemical bond
formed between the ligand and nano-CdTe. This is confirmed by
the results of the SPV, PA, and laser Raman spectra of these sam-
ples, and by the computer simulation using the CASTEP method for
CdTe1−xSx (0 < x ≤ 1) below.

In a normal situation the separation rate of the photo-induced
FCCs is faster than their recombination rate before achieving the
extrema of TPV responses. By contrast, the recombination rate is
faster than the separation rate after the extrema according to Refs.
[17,26]. As mentioned above, the extremum of the TPV response of
the sample MA-r was located at 2.3 × 10−6 s, which was about an
order of magnitude greater than that of the sample MPA-r, as seen in
Fig. 2. This implies that in the nanocrystalline CdTe particles capped
by the ligand MPA it was easier to produce the electron–hole pair as
compared with the sample capped by the ligand MA upon photo-
induction by the 532 nm laser pulse (50 �J). And the recombination
rate of the electron–hole pair of the former was faster than that of
the latter, resulting in the intensity of the TPV responses of the
former rapidly decaying in the region 2.9 × 10−8 to 1.6 × 10−6 s,
while that of the latter slowly decayed in the region 7.0 × 10−8

to 5.7 × 10−4s (Fig. 2). In addition, a plateau in the TPV responses
of the latter appeared in the region 7.7 × 10−7 to 2.6 × 10−6 s in
Fig. 2, in which the separation rate of the FCCs was equal to their
recombination rate. In addition, the comparison of the TPV spec-
tra of the samples MPA-r and MPA-l reveals that the effect of the
concentration of the Cd2+ cations on the separation and recom-
bination rates of the photo-induced FCCs upon illumination by a
532 nm laser pulse may be negligible because of the uniform TPV
that is characteristic of them in Fig. 2, which was distinct from the
effect of the concentration on the SPV characteristic of the samples
in Fig. 3.

3.3. Analyses of SPV, PA, and laser Raman spectra

According to the literature [14,27], the shape of the SPV spec-
trum resembles a typical (inverted) absorption spectra of the
multiple quantum-well (QW) structure as per QW1 and QW2 indi-
cated in Fig. 3, in which knee 1, knee 2, and knee 3 correspond to the
SPV responses of the core CdTe, the shell CdS, and the capping lig-
and, respectively; QW1 and QW2 were located at the interface SCR1
between the core CdTe and the shell CdS, and at the interface SCR2
between the shell CdS and the capped ligand, respectively. Further-

more, it may be supposed that the structures of the QW1 and QW2
obviously affected the transport behavior of the photo-generated
FCCs at the buried interfaces SCR1 and SCR2 upon illumination with
UV–NIR light. As seen in Fig. 3 the SPV responses of the sample MA-
r at the wavelength region of 300–700 nm were obviously higher
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ext.

han that of the sample MPA-r, and the order of the intensity of the
PV response, I, of the former was Iknee1 > Iknee2 > Iknee3 which was
pposite to that of the latter. This reveals that the minority carrier
ifetime of the sample MA-r upon illumination by UV–NIR light was
onger as compared with the sample MPA-r, which is in good agree-

ent with their TPV results in Fig. 2. On the other hand, the intensity
f the SPV response of the samples MPA-l in the 350–630 nm region
ramatically increased as compared with the sample MPA-r, as
hown in Fig. 3, due to the concentration of Cd2+ cations of the sam-
le MPA-l being 10 times more dilute than that of the sample MPA-r.
his was very different from the situation of the TPV responses of
he two samples in Fig. 2. Consequently, this demonstrates that
he concentration of Cd2+ cations played an important role in the
teady-state SPV responses of the nano-CdTe, quite unlike the situ-
tion of the TPV spectrum of these samples in Fig. 2. In other words,
he effect of the concentration of Cd2+ cations on the TPV character-
stic of the nano-CdTe capped by the ligand MPA can be neglected,
ut it is a factor that cannot be ignored with respect to its SPV
haracteristic. Furthermore, to reduce the concentration of the Cd2+

ations may obviously reduce the surface/interface potential bar-
ier of the CdTe/MPA self-assembled QDs, resulting in a strong SPV
esponse of the sample MPA-l in the 350–630 nm region in Fig. 3.
owever, there was no difference between the TPV responses of

he samples MPA-r and MPA-l because they were identical in the
tructure of their CdS layers in between the core-CdTe and the lig-
nd MPA. And this was confirmed by the SPV responses of the knee
having the same peak positions, at the wavelength of 461 nm in

ig. 3, for the samples MPA-r and MPA-l.
To probe the lattice vibrations causing by non-radiative energy

ransformation in the de-excitation process when illuminated by
V–NIR light, Fig. 4 shows the PA spectra of the samples MA-

, MPA-r, and MPA-l. The profiles of the PA spectra of the three
amples were basically the same, i.e. strong PA signals appeared
t 450 nm, the 550–650 nm region, and 780 nm, respectively, and
ost PA signals were located in the 550–650 nm region and the
avelength of 780 nm in Fig. 4. These findings imply that the energy

eleased from the non-radiative de-excitation processes was close
o but less than the bandgaps of CdTe (Eg, core-CdTe = 1.58 eV) and CdS
Eg, shell-CdS = 2.48 eV), respectively. Furthermore, the initial ener-
ies of the non-radiative de-excitation processes were mostly

oncentrated either near or lower than the bottom of the conduc-
ion band (i.e. at the Brillouin zone boundary or near the Brillouin
one boundary) of the shell-CdS because of the quantum tunnel
ffect. That is, apart from partially appearing at near or below the
ottom of the conduction band of the core-CdTe, which resulted in
Fig. 4. Photoacoustic spectra of the samples MA-r, MPA-r, and MPA-l; the inset
shows the laser Raman spectra of the three samples, in which the meaning of
numerals 1–5 are explained in the text.

the strong PA signals in the 550–650 nm region and the wavelength
of 780 nm. The differences in the PA spectra among the three sam-
ples were located at these regions (Fig. 4). More specifically, the
order of the intensity of the PA signals, I′, was IMA-r

′ > IMPA-r
′ > IMPA-l

′

for the three samples in the 550–800 nm region. This reveals that
the lattice vibration causing by non-radiative de-excitation of the
sample MA-r in the region 550–800 nm was obviously stronger
than that of the samples MPA-r because of the differences in the
chemical bond formation between nanocrystalline CdTe particle
and the ligand [28]. In addition, the difference in the PA signal inten-
sity between the samples MPA-r and MPA-l confirms that reducing
the concentration of Cd2+ cations may reduce the probability of
the non-radiative de-excitation process appearing. Combining the
results of the SPV spectra in Fig. 3 and the PA spectra in Fig. 4
in terms of the samples MPA-r and MPA-l, further confirms the
complementary relationship of energy conversion between pho-
toacoustic and photovoltaic effects.

Other lattice vibration quantum states might appear in the laser
Raman spectrum in the inset in Fig. 4. The sample MA-r displayed
many more Raman scattering peaks of various lattice vibration pat-
terns as compared with the MPA-r and MPA-l samples. According
to Refs. [29,30], these were 1LO (301 cm−1), 2LO (603 cm−1), 3LO
(908 cm−1), CSA (1100 cm−1), and S-peak (895 cm−1), respectively,
in which 1LO, 2LO, and 3LO represent the first, second, and third
order longitudinal optical phonon pattern of CdS, respectively, and
belong to the molecular and interionic optical vibration patterns;
CSA was related to the absorption behavior of the carbon skeleton
of the ligand; and the S-peak induced by the laser beam in the test-
ing procedure was produced by splitting CdS into its elements. For
the sample MPA-r, however, there was only a peak resulting from
the CSA vibration pattern at the same testing condition. The results
above verify that the different ligand might cause distinct chemical
bonds between the core-CdTe and the MPA or MA ligand and be
responsible for the varied surface/interface electron structures of
the samples MPA-r and MA-r corresponding to the results in Fig. 3. It
is more notable that the vibration patterns mentioned above could
lead to a micro-scale deformation in the lattice cell despite the fact
that they do not cause a macro-scale deformation of the samples as
displayed in the XRD pattern of the sample MPA-r in Fig. 1a. Con-
sequently, the Raman scattering of the semiconductor nanocrystal

was related to a great extent to the interaction of the electrons (in
the photo-induced FCCs) and phonons (located at the Brillouin zone
boundary or near the Brillouin zone boundary, i.e. the bottom of the
conduction band or the top of the valence band), according to Ref.
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ig. 5. Phonon spectra of CdTe and CdTe1−xSx (x = 0.5) calculated by the CASTEP met
tates of crystalline CdTe, respectively; (c) and (d) are the phonon dispersion curve

31]. The shell-CdS in between nano-CdTe and the ligand may be
oo valuable to be neglected in the electron–phonon interaction of
he material as the computer simulation result by CASTEP module
elow demonstrates.

.4. CASTEP simulation results

Fig. 5 shows the phonon spectra of both CdTe that belongs to
he space group F−43M and CdTe1−xSx (x = 0.5) as obtained by
he CASTEP computer simulation method. The phonon dispersions
f CdTe with sphalerite structure show six dispersion curves, i.e.
ix kinds of phonon vibration patterns in Fig. 5a, in which three
ispersion curves possessed the longitudinal acoustic (LA) mode
haracteristic that has a maximum frequency at the edge of the
rillouin zone and a minimum frequency equal to zero at the cen-
er of the Brillouin zone, G, and the other three curves possessed the
ongitudinal optical (LO) mode characteristic that has a maximum
requency at the center of the Brillouin zone, and a minimum fre-
uency at the edge of the Brillouin zone according to Ref. [32]. The
ibration quantum state was in a metastable state when the fre-
uency of the phonon dispersions was smaller than zero [33]. The
ensity of phonon states of CdTe in Fig. 5b corresponded to these
honon dispersions in Fig. 5a, in which the density of LO mode
honon states was greater than that of the LA mode phonon states.
nd the state of the former was more stable than that of the latter.
he PA spectra of the samples MPA-r, MPA-l, and MA-r at 780 nm in
ig. 3 might correspond to the simulation results. It is more notable
hat 24 phonon dispersion curves appeared in the phonon spec-
rum of CdTe1−xSx (x = 0.5) in Fig. 5c. They are more stable than
hat of the pure CdTe because almost all vibration frequencies were
reater than zero, as shown in Fig. 5d. This demonstrates that many
ore phonons should be produced after a lot of S is doped into

dTe. These lattice vibration quantum states were dependent on
hose new chemical bonds resulting from doping S, which were
esponsible to a great extent for the strong PA signals of the sam-
les MPA-r, MPA-l, and MA-r in the 550–650 nm region in Fig. 4

nd the vibration consisting of patterns 1LO, 2LO, 3LO and S-peak
f Raman scattering in Fig. 4 inset. Consequently, it is supposed
hat the pattern of the vibration quantum states of the CdTe/ligand
elf-assembled QDs may vary when employing different ligands.
n other words, the property of the localized phonons depends on
0.00 0.25 0.50 0.75

which (a) and (b) display the phonon dispersion curves and the density of phonon
the density of phonon states of crystalline CdTe1−xSx (x = 0.5), respectively.

the type of the ligand, resulting in the differences in both the PA
spectra at 550–650 nm and the Raman spectra among the three
samples.

4. Conclusions

In summary, the microdynamics behavior of the photogener-
ated carriers in CdTe/ligand self-assembled QDs may be probed
using TPV measurements supplemented by surface photovoltaic,
photoacoustic, and laser Raman spectra, and by a computer sim-
ulation method of the CASTEP module. Firstly, the results showed
that the TPV polarity of the nanocrystalline CdTe particles capped
by a ligand was strongly dependent on the type of the ligand. This
was because of a quantum tunneling effect, resulting in a negative
TPV polarity of the samples MPA-r and MPA-l possessing obvious
quantum tunnel effect when excited by a laser pulse at 532 nm and
50 �J pulse intensity, which was opposite to the situation for the
sample MA-r. Secondly, the experiment reveals that the effect of the
concentration of Cd2+ cations on the separation and recombination
rates of the photo-induced FCCs and TPV polarity of the CdTe/MPA
self-assembled QDs was negligible. This resulted in the same TPV
responses of the samples MPA-r and MPA-l upon illumination by
the laser pulse of 532 nm (50 �J). But to reduce the concentration
might dramatically reduce the surface/interface potential barrier
and the probability of the non-radiative de-excitation process for
the MPA-capped sample appearing. These led to a stronger sur-
face photovoltaic response of the sample MPA-l in the 350–600 nm
region upon illumination with UV–NIR light, and to a weaker PA sig-
nal of the sample in the region 550–650 nm upon illumination by
UV–NIR light, as compared with the sample MPA-r. Finally, the facts
that both the photoacoustic signals caused by the non-radiative
de-excitations of the sample MA-r at the region of 550–800 nm
were stronger than that of the sample MPA-r, and the difference
of the Raman scattering between the two samples, were attributed
to different chemical bonds forming at the interface between the
core-CdTe nanoparticles and the capping ligand. More specifically,

the properties of the lattice vibration quantum states located at
the Brillouin zone boundary or near the Brillouin zone boundary
were related to a great extent to the formation of the shell-CdS
in between the core-CdTe and the capping ligand according to the
computer simulation results.
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