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We employ ultrafast transient absorption spectroscopy with temporal pulse shaping to manipulate

coherent phonon excitation and quantify the strength of electron-phonon coupling in CdTe1�xSex

nanocrystals (NCs). Raman active CdSe and CdTe longitudinal optical phonon (LO) modes are

excited and probed in the time domain. By temporally controlling pump pulse pairs to coherently

excite and cancel coherent phonons in the CdTe1�xSex NCs, we estimate the relative amount of op-

tical energy that is coupled to the coherent CdSe LO mode. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4894176]

Understanding light-matter interactions in semiconduct-

ing nanocrystals has been at the forefront of modern con-

densed matter physics and physical chemistry for several

decades. Much of the interest in semiconducting nanocrystals

(NCs) has been driven by the tunable quantum confinement

that is possible through various means of chemical synthesis.

Controllable quantum confinement provides a means of elec-

tronic energy level engineering and has made semiconducting

NCs a tool for conquering various scientific and engineering

challenges. Third generation photovoltaic (PV) technology is

one of the areas where NCs have been employed to take

advantage of confinement enhanced phenomena such as

multi-exciton generation (MEG) and hot-electron transfer.

MEG aims to increase the photocurrent of a solar cell and has

been shown to be possible in various lead chalcogenides.1–4

Hot-electron solar cells, on the other hand, aim to increase

the photovoltage of the solar cell by extracting hot-electrons

prior to thermalizing to the band-edge. Semiconductor NCs

have discrete energy level spacing on the order of hundreds

of meV requiring more time consuming multiphonon emis-

sion, commonly referred to as the phonon bottleneck as

described by Nozik.5 The theoretical increased intraband

relaxation time should enhance the potential to extract the

hot-carriers, although evidence for hot-electron transfer has

been more difficult to come by with only a few convincing

works in the literature to relay its potential.6–9

A common material for hot-carrier type cells is CdSe

because its bandgap energy can be tuned within the visible

spectrum. A drawback to CdSe, however, is that there is a

competing relaxation pathway to the phonon bottleneck

known as Auger-like thermalization and is shown in the

seminal works by Brus,10 Efros et al.,11 and Klimov.12,13

Auger-like thermalization causes intraband relaxation times

of hot-excitons to be on the order of �1 ps for CdSe quantum

dots as a result of electrons scattering with holes and subse-

quently holes emitting phonons and relaxing to the ban-

dedge.11,12,14–16 Therefore, it is important to investigate the

details of charge carriers coupling to phonons in these mate-

rials. While the ultrafast electronic relaxation has been well

characterized, e.g., by the above mentioned studies, fewer

have attempted to elucidate ultrafast phonon dynamics in

NCs. Initial works by Machol et al.17 and Bragas et al.18,19

and more recently Sagar et al.20 and Chai et al.21 have

observed and made attempts to quantify ultrafast optically

generated coherent phonons in NCs. However, none has

attempted to directly measure/quantify the efficiency of

charge carrier phonon coupling. Quantifying the amount of

photon energy coupled to the various phonon modes is vital

to gauge NCs for hot-carrier PV applications.

Ultrafast pump-probe spectroscopy can provide a means

to examine phonon vibrations in the time domain. The mech-

anism responsible for generating the vibrational coherences

observed in pump-probe experiments is generalized as im-

pulsive stimulated Raman scattering (ISRS). A special case

of ISRS is the displacive excitation of coherent phonons

(DECP) mechanism which excites the A1 symmetric Raman

modes.22–24 In some of our previous works, we have devel-

oped methods of quantitatively analyzing the lattice dynam-

ics in materials. Specifically, we have employed transient

reflectance spectroscopy with temporal pulse shaping to

assess the electron-phonon coupling strength in bulk bis-

muth.25 In this work, we aim to quantify the electron-phonon

coupling in the photo-excited NCs by means of transient

absorption spectroscopy and temporal pulse shaping.

Specifically, we excite coherent optical phonons in the NCs

and evaluate the resulting quasi-equilibrium lattice tempera-

ture. By enhancing and canceling coherent lattice vibrations

using temporally shaped ultrafast pulses, the relative percent-

age of energy coupled from the excited electrons to phonon

modes is quantified. Through understanding the photon-elec-

tron-phonon energy conversion processes in semiconducting

NCs, attempts at minimizing the unwanted thermalization

loss can be made by altering the NC size, shape, and

composition.

The CdTe1�xSex NCs are embedded in 3 mm thick boro-

silicate glass matrix alloyed with x¼ 0.32 of Se (RG780 light

filter from Schott Glass, Inc.). For x< 0.36, the CdTe1�xSex

NCs are in the zincblende cubic structure.19,26 The embedded

NCs’ average radii are �3.9 nm with size distribution within

�10% of its nominal value.18,19,21 The linear absorption spec-

trum was measured using a Perkin Elmer Lambda 950 UV/
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Vis spectrophotometer and is depicted in Fig. 1. As shown in

Fig. 1(a), the first excitonic transition occurs at photon wave-

lengths of approximately 740 nm (1.68 eV), which matches

with previously reported values.18,19,21 The Raman spectrum

of the CdTe1�xSex sample was gathered using a Horiba

LabRAM Raman spectrometer and is shown in Fig. 1(b),

which reveals longitudinal optical (LO) peaks of both CdTe

(�160 cm�1) and CdSe (�200 cm�1) and their overtone

modes (2LO: 340–400 cm�1).18,19,21 The peak near

�260 cm�1 is expected to be a mixed transverse optical (TO)

and LO modes.18

Degenerate ultrafast pump-probe experiments were per-

formed to collect transient absorption (TA) data for the sam-

ple. The TA experiment consists of a Ti:sapphire

femtosecond pulse amplifier that produces sub 30 fs pulses at

800 nm with a repetition rate of 5 kHz. The pump beam is

sent through a temporal pulse shaper (Biophotonics

Solutions) and then through a mechanical chopper rotating at

500 Hz. The pump and probe beams are focused on the sam-

ple non-colinearly at an angle of �180 mrad to 1/e2 spot

diameters of 400 lm and 100 lm, respectively. See our other

works for more details of the pump-probe setup.16 Both

pump and probe wavelengths were set to 800 nm and were

perpendicularly polarized with respect to each other. The

pump and probe wavelengths are located on the rising edge

of the linear absorption spectra as depicted by the vertical

arrow in Fig. 1(a). The resultant fluence dependent TA data

are shown in Fig. 2(a). As can be seen, the TA data show a

rapid increase in the absorption followed by decay to a non-

zero positive value within the first �5 ps. The positive TA

signal is the result of two potential photophysical events.

The first is through the carrier induced Stark effect (CISE).

The CISE is possible for the current experiment because the

pump beam has a bandwidth of �40 nm; therefore, when the

pump photons are absorbed, the consequential exciton gener-

ation creates a static electric field causing the band-gap

energy to become reduced,12,14–16 thus more probe photons

can be absorbed. The second route to a positive TA signal is

via intraband absorption, i.e., when the pump photon is

absorbed and the electron hole pair is generated, the elec-

trons in the conduction band are then allowed to absorb the

probe photon to be pumped higher into the conduction

band.21

Once the pump and probe photons are absorbed by the

sample, the excitons can then couple their energy to LO pho-

nons then to acoustic phonons, subsequently heating the lat-

tice. The TA signals portray coherent LO phonon generation

as shown by the oscillatory component in Fig. 2(a). In order

to analyze the frequency response of the TA signals, a sec-

ond order Butterworth filter with Gaussian sampling was

applied to remove the background electronic signal and the

Fast Fourier transform (FFT) was calculated. The FFT spec-

tra in Fig. 2(b) display the same LO mode peaks from the

CdTe (�160 cm�1) and CdSe (�200 cm�1) as the Raman

data in Fig. 1(b). The dephasing time of the coherent

LO modes is about 2 ps, which is the time period for the

LO-to-acoustic phonon down version. This is consistent with

the time resolved Raman data gathered by Hannah et al.,27

FIG. 1. (a) Linear absorption spectrum of the CdTe1�xSex NCs with pump

and probe wavelength noted (vertical arrow) for transient absorption studies

and pump/probe spectrum shown in the inset. (b) The Raman spectrum.

FIG. 2. (a) Degenerate transient absorption measurements (with pump per-

pendicularly polarized to the probe) of the CdTe1�xSex NCs with varying

fluence and inset providing a double-y scale plot of peak values and QTE

values of the TA trends. (b) Fast Fourier transform calculation results of the

54 lJ/cm2 transient absorption case.
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who observed LO-to-acoustic down-conversion on a time

scale of 2 ps for CdSe quantum dots.

The inset of Fig. 2(a) shows a plot for the fluence de-

pendent peak and quasi-thermal equilibrium (QTE) Da=a0

values. The QTE values were taken at �2.5 ps. Both plots

in the inset show approximately linear trends. The linear

trend in peak values suggests that there is an approximate

monotonic increase in non-equilibrium charge carriers

excited as the pump fluence is increased within the fluence

range used here. After the excitation of the charge carriers,

electron-phonon scattering processes cause the charge-

carriers to relax into QTE. Given the timescale under con-

sideration, the thermal energy stored in the NCs is not able

to diffuse into the surrounding medium, thus we observe a

nonzero Da=a0 value. Additionally, we also observe a linear

trend in QTE value that suggests that there is also a mono-

tonic increase in QTE with the pump fluence. Electron-

electron, electron-phonon, and electron-hole scattering are,

in general, non-linear processes; however, given the low

fluence range used here, the ratio between the two linear

trends is constant, suggesting that the scattering rates at

these fluences are similar.

To estimate the percentage of energy coupled into the

NC lattice through the LO mode, we employ a temporal

pulse shaper to generate double pulses and delicately control

the pulse-to-pulse delay and energy of each pulse. The sec-

ond pulse of the double pulse pairs was controlled to be at

1 T and 1.5 T, where T is the period of CdSe LO mode oscil-

lation (i.e., T¼ 166.7 fs from Fig. 2(b)) for enhancing (E)

and canceling (C) coherent phonon oscillations, respectively.

From Fig. 2(b), it is seen that there are two dominant LO

modes observed. Using double pulse pairs, we can only

enhance or cancel one of the two modes, and here we choose

the LO mode for CdSe as it is the stronger of the two. The

results of using the double pulse pairs with respective cross-

correlations are shown in Fig. 3(a). Also shown in Fig. 3(a)

is the single pulse experiment; all cases underwent the same

total input fluence of 54 lJ/cm2. As illustrated in Fig. 3(a),

the single pulse case and the enhancement case come to a

nearly the same QTE Da=a0 value (at �2.5 ps), while the

cancelation case shows a lower Da=a0 value. Furthermore,

by using the appropriate ratio of the second pulse to the first

pulse energy (0.9:1), nearly complete oscillation cancellation

was achieved.

The difference in the QTE Da=a0 values for the optical

phonon enhancement and cancellation allows for the deter-

mination of the amount of energy coupled into optical pho-

nons. In order to show this difference more clearly, the

difference between the enhanced and cancelled TA signals

in Fig. 3(a) is plotted in Fig. 3(b), which shows the differ-

ence in QTE value as well as the difference in the rate of

thermalization of the excited carriers. The positive values for

the difference of ðDa� DaCÞ=a0, 1.8� 10�4, and 1.4� 10�4

at QTE for the single pulse and enhancement cases, respec-

tively, indicate that the lattice temperature of phonon cancel-

ation case is lower. This is verified from Fig. 3(c) which

depicts the temperature dependent absorbance of the light at

probe wavelength measured under steady-state conditions.

This temperature dependent absorption is consistent with the

Varshni-like temperature dependent behavior of the band-

gap energy in CdSe NCs.28 The temperature dependent ab-

sorbance data were fitted to an empirical Varshni-form equa-

tion defined by a=a0 ¼ Aþ BT2=ðCþ TÞ, with the fitted

parameters A¼ 0.97, B¼ 0.04 �C�1, and C¼ 771.70 �C. The

increase in absorbance of the 800 nm light is a result of tem-

perature dependent dilation of the lattice and a shift in the

relative energies of the valence and conduction bands from

increased electron-phonon scattering.29

FIG. 3. (a) Single and double pulse

transient absorption traces with constant

total pump fluence of 54 lJ/cm2. The

second pulses for the double pulses

cases arrive at 166.7 fs and 250.0 fs

after initial excitation pulses for

enhancement and cancelation, respec-

tively. Also shown are the respective

cross-correlation traces for the double

pulse cases. (b) Difference between sin-

gle pulse and cancellation as well as

enhancement and cancellation cases

with background exponential fittings for

each. (c) Temperature dependent ab-

sorbance taken at the 800 nm probe

wavelength. (d) Comparison of the nor-

malized FFT data for the single pulse

and enhancement cases.
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The higher lattice temperature when the coherent optical

phonons are present can be understood in terms of the energy

relaxation pathways in NCs. When the optical phonon modes

are suppressed (cancelled), the efficient energy relaxation

pathway from LO to acoustic mode down conversion is

impaired, resulting in a lower lattice temperature that is asso-

ciated with the less efficient direct coupling between exci-

tons and acoustic phonons. Furthermore, we observe a

slightly higher QTE value for the single pulse case when

compared with the other two cases. The reason the single

pulse case results in the higher lattice temperature when

compared to the enhancement case is likely due to imperfect

enhancement as well as partial cancellation of the CdTe LO

mode in the enhancement case. The partial cancelation of the

CdTe LO mode is evident when comparing the FFT data for

the single pulse and enhancement cases, which is shown in

Fig. 3(d). Figure 3(d) shows a reduced relative intensity of

the CdTe LO mode as well as a slightly sharper CdSe LO

mode peak, both of which would reduce the potential of scat-

tering when compared with the single pulse case. For the sin-

gle pulse case, the full width half maximum (FWHM) of the

CdSe LO mode is nearly double that of the enhancement

case, thus providing a broader spectrum of phonon modes

through which the electrons can scatter.

In order to compute the relative contribution to lattice

heating from the electron-optical phonon coupling, we start

by calculating the energy required for a temperature

increase in the lattice (DQ00), which can be estimated as

DQ00 ¼ qtfCpDaðda=dTÞ�1
, where q¼ 6.08� 10�3 kg/

cm3,30 t¼ 0.3 cm, f ¼ 0.075,18 and Cp¼ 225.6 mJ/kg/K30

are the weighted density of the CdTe1�xSex, thickness of

the sample, filling factor of the CdTe1�xSex NCs in the

glass matrix, and the weighted specific heat of CdTe1�xSex,

respectively. In QTE at approximately 2.5 ps, Fig. 3(b)

shows that Da=a0 ¼ 1.8� 10�4 and 1.4� 10�4 at QTE for

the single pulse and enhancement cases, respectively. For

da=dT, we can find the derivative of the Varshni equation

we used to fit the temperature dependent absorption data in

Fig. 3(c), i.e., da=dT ¼ ðBTð2Cþ TÞ=ðCþ TÞ2Þa0.

Substituting the fitted parameters mentioned above and

evaluating the expression at the experimental condition of

23 �C, we find that da=dT ¼ 2:28� 10�3 K�1. Substituting

these values into the expression for energy difference, we

find that DQ00 ¼ 2.43 lJ/cm2 and 1.89 lJ/cm2. Using

ð
Ð

PðkÞsðkÞdkÞ=ð
Ð

PðkÞdkÞ, where PðkÞ and sðkÞ are the

pump spectrum and transmission spectrum of the

CdTe1�xSex NC sample, we found that �43% of the pump

fluence was absorbed to generate energy carriers.

Therefore, the total energy coupled to the CdSe LO phonon

constitutes �10.5% (¼2.43/(54 � 0.43)) and �8.2% of the

absorbed photon energy for the single pulse and enhance-

ment cases. As mentioned above, the discrepancy in the

two values is likely due to imperfect phonon enhancement

as well as partial cancelation of the CdTe LO phonon

mode.

To conclude, we have shown a technique for quantifying

the strength of electron-coherent phonon coupling in

CdTe1�xSex NCs using ultrafast TA spectroscopy. Raman

active CdSe and CdTe LO modes are observed in the TA

experiments. Using temporal pulse shaping to coherently

excite and cancel the coherent phonons in the CdTe1�xSex

NCs, we were able to estimate the relative amount of input

optical energy that is coupled to the coherent CdSe LO mode

through the photo-excited carriers.
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