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The hot-carrier relaxation dynamics of Cd3As2 thin films has been investigated by using femtosec-

ond pump-probe spectroscopy in a transmission geometry. A comparative study of degenerate and

non-degenerate experiments reveals that hot-carrier distribution in Cd3As2 is established with a

time constant of �400 fs. Significantly, the broadband measurements allow the extraction of the

time evolution of electron temperature and the carrier-phonon coupling factor g¼ 5.3� 1015 W

m�3 K�1 is deduced by a semiclassical two-temperature model. These results provide fundamental

insights into the hot-carrier dynamics of Cd3As2. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985688]

Dirac semimetals, with its gapless feature in the energy-

momentum diagram, can absorb photons in the entire infra-

red range. They provide an excellent potential platform for

infrared photonic devices.1–4 Graphene is an exemplary two-

dimensional (2D) Dirac semimetal and a variety of photonic

applications from ultrafast mid-infrared photodetectors to

tunable ultrafast lasers and optical modulators has been dem-

onstrated using graphene.2–4 However, owing to its monoa-

tomic layer thickness, the optical absorption of graphene is

limited to 2.3%.5 This poses an inherent barrier for techno-

logical applications, although a number of approaches have

been developed to improve the absorption of graphene.6

The bulk Dirac fermions as found in 3D topological

Dirac semimetals (TDSs) offer an ideal solution for this limi-

tation,7,8 and 3D Dirac semimetals have quickly established

themselves as a promising material for photonic devices.9,10

Due to three-dimensional symmetry protection, bulk Dirac

fermions in 3D TDSs have proved to be robust and exhibit a

number of exotic quantum phenomena.11–14 In addition, opti-

cal absorption can be scaled by thickness control during syn-

thesis. Of the available 3D TDS materials, cadmium arsenide

(Cd3As2) has attracted considerable attention due to its

advantages such as chemical stability in air and extremely

high carrier mobility at both low and room temperatures.14

Furthermore, several photonic applications have already

been demonstrated using this emerging material. For exam-

ple, Cd3As2-based photodetectors have shown a high band-

width of 145 GHz over the entire 532 nm–10.6 lm range,9

and it has also been recently used to enable a mid-infrared

ultrafast optical switch (operating in the 3–5 lm band) fea-

turing unprecedented parameter tunability—a long sought

device for mid-infrared pulsed laser development.10 However,

to fully unleash Cd3As2’s potential in photonic applications, it

is necessary to have deeper understanding of its hot-carrier

cooling dynamics that is not only related to fundamental

carrier scattering mechanisms, but also of relevance to device

design and optimizations.15–17

To date, the investigation of Cd3As2’s hot-carrier

dynamics is rather limited. Although several theoretical

works have been carried out on this topic,18,19 most of these

prior works focus on carrier-acoustic phonon interactions.

However, carrier-optical phonon scattering in Cd3As2 should

not be ignored except for very low temperature, where the

electronic temperature is lower than the lowest optical pho-

non branch of Cd3As2.20,21 Phonon-mediated carrier cooling

processes in Cd3As2 have been experimentally investigated

by a few pump-probe measurements.21,22 Up till now, how-

ever, the strength of the carrier-phonon coupling in Cd3As2,

which underpins many electronic and photonic effects, has

not been experimentally quantified.15,23–25 This is partly due

to the fact that pump-probe signals obtained from a reflection

geometry are usually very complicated, and partly due to

that these previous works only probe photocarrier dynamics

in limited spectral windows.21,22

Here, by performing broadband pump-probe measure-

ments on Cd3As2 films in a transmission geometry, we reveal

that after photoexcitation Cd3As2 exhibit two photocarrier

relaxation stages. The initial faster relaxation time (�400 fs)

corresponds to carrier thermalization, and it is followed by a

slower hot-carrier cooling stage. More importantly, the

carrier-phonon coupling factor g¼ 5.3� 1015 W m�3 K�1 for

Cd3As2 is identified by a simple two-temperature model

(TTM), providing additional physical insights of electron-

phonon coupling in this emerging material system.

High quality Cd3As2 thin film samples with a thickness

of about 1 lm were grown on mica substrates by molecular

beam epitaxy (MBE). The details of thin film sample prepa-

ration have been reported elsewhere.10 For the pump-probe

measurements, an 800 nm, 1 kHz, Ti: sapphire amplifier

(Coherent) was used as the optical source, and infrared

pulses from 1.6 to 4.0 lm were obtained by feeding part of

the laser output into an optical parametric amplifier (OPA).a)E-mail: fwang@nju.edu.cn
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A transmission geometry was used in both degenerate and

non-degenerate configurations, and pump-induced change of

probe intensity was detected by a PbSe photodetector

(Thorlabs) and a lock-in amplifier (SR830) referenced to a

500 Hz mechanically chopped pump.

To elaborate the photocarrier dynamics of Cd3As2, we

first performed both degenerate and non-degenerate measure-

ments on Cd3As2 samples at a probe wavelength of 2.0 lm. As

shown in Fig. 1, the degenerate curve exhibits two distinct

relaxation time scales, an initial fast relaxation time sd1 about

400 fs followed by a shower relaxation time sd2 about 4.5 ps.

By contrast, the non-degenerate curve only has one relatively

slow component snd about 4.3 ps. The value of snd is seen to

be similar to that of sd2, suggesting that they correspond to the

same physical process. It is interesting to note that the non-

degenerate relaxation curve exhibits a flat response during the

first few hundred femtoseconds, concurring with the fast relax-

ation component observed in the degenerate measurement. To

address these different features between the degenerate and

non-degenerate measurements, we visualize the ultrafast car-

rier dynamics of Cd3As2 as shown in Fig. 2.21,26–28 An ultra-

short optical pulse can create a strong non-equilibrium carrier

distribution defined by valence band depletion and conduction

band filling.26 During or immediately after this process, the

excited electron states are coherent. However, due to carrier

scattering, this coherence will be lost and a hot-carrier distribu-

tion will be formed.27 Then, the system relaxes back to equilib-

rium via energy transfer from hot-carrier to phonons.28 In

Fig. 2, it can be seen that the different dynamical features dur-

ing carrier thermalization are the result of the distinct energy

level configurations. Once hot-carrier distribution is estab-

lished, both measurements probe the same hot-carrier cooling

processes. Hence, it is reasonable to ascribe the faster compo-

nent sd1 (�400 fs) to carrier thermalization and the slower

component sd2 (snd) to cooling of hot-carrier. Furthermore, it is

worth to point out that the flat response usually indicates that

there is an unchanged photocarrier population at probe energy

level. This is possible for non-degenerate measurements during

carrier thermalization, if the carrier scattering in and scattering

out rates are comparable.

Depending on the interband recombination rate, there

are two potential scenarios for the resultant hot-carrier distri-

bution.26,29 If the interband recombination rate is similar to

that of intraband scattering, the resultant quasi-equilibrium

can be described by a Fermi-Dirac distribution with an

unchanged chemical potential, l, and an elevated electron

temperature, Te.
26,29 This picture is generally applicable to

metals, and the subsequent hot-carrier cooling processes can

be further explained by TTM.23–25 While if interband recom-

bination has a much slower rate than intraband scattering,

electrons and holes establish separate Fermi distributions

(electrons in the conduction and holes in the valence band),

respectively.26,29 This picture is similar to semiconductor

materials, and Rothwarf-Taylor model (RTM) will apply.30

To date, whether TTM or RTM is better suited to Cd3As2

remains an open question. However, a good reference can be

drawn from another Dirac material graphene, the gapless and

linear dispersion band structure make electrons and holes

recombine very quickly with interband scattering.21,28,29

Therefore, we deduce that TTM is more applicable to

Cd3As2 following photoexcitation.

To gain a more comprehensive physical picture of the

hot-carrier cooling dynamics in Cd3As2, we then conduct

broadband (1.6–4.0 lm) non-degenerate pump-probe meas-

urements. Figure 3(a) shows a 2D map of the differential

transmission (DT/T0) as a function of the time delay and the

probe wavelength. For TTM, DT/T0 is associated with Te by

the following function:

DT=T0 / �Da �hxð Þ ¼ � a �hx; Teð Þ � a �hx; TRð Þð Þ; (1)

where TR is room temperature (300 K). For simplicity, we

assume that the sample exhibits a symmetric band structure,

and l is set to 0.1 eV to approximate the experimental value.31

The optical absorption coefficient is written as a �hx; Tð Þ
¼ a0 tanhð�hx�2l

4kBT Þ.
32 Therefore, we get

DT

T0

/ �a0 tanh
�hx� 2l

4kBTe

� �
� tanh

�hx� 2l
4kBTR

� �" #
: (2)

FIG. 1. Transient absorption spectra for degenerate (red circles) and non-

degenerate (blue solid line) configurations with probe wavelength 2 lm. For

non-degenerate measurements, 800 nm pulses were used as pump, and for

both measurements, the used pump fluence is about 200 lJ/cm2.

FIG. 2. Schematic pictures show the difference in sensitivity to carrier ther-

malization for degenerate (a)–(c) and non-degenerate (d)–(f) pump-probe

configurations. (a) and (d) Photoexcitation, (b) and (e) during carrier ther-

malization, and (c) and (f) hot-carrier distribution establishment.
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As shown in Fig. 3(b), the probe photon energy-dependent

DT/T0 can be well fitted by Eq. (2), suggesting that TTM can

well account for dynamics in Cd3As2. The fitted Te for differ-

ent time delay are summarized in Fig. 3(c) and it decreases

monotonically with the increasing of the time delay.

In this case, the energy transfer between carrier and

phonon system is governed by the electron-phonon cou-

pling factor g, and the evolution of Te can be numerically

calculated by23–25

Ce
@Te

@t
¼ �g Te � TLð Þ þ S tð Þ; (3)

CL
@TL

@t
¼ g Te � TLð Þ; (4)

where Ce, CL, and TL are the electron heat capacity, the lat-

tice heat capacity, and lattice temperature, respectively. The

source term, S(t), is given by23

S tð Þ ¼ 1� Rð ÞIa exp �2:77
t

tp

� �2
" #

: (5)

Using the material constants obtained from the literature,33,34

we approximate Te by varying g. As shown in Fig. 3(c), g is

about 5.3� 1015 W m�3 K�1. This value is similar to graphite

but is smaller than noble metals.23–25,35 It should be pointed

out that for analytical purposes, here we address hot-carrier

cooling dynamics within single band framework, although the

pump photon energy is large enough to excite multiple bands

transition. As a consequence of this, g may be underestimated

because of the hot-carrier cooling rate is likely to be slowed

down by the long-lived photocarriers formed at the edge of

high energy subbands owing to inefficient carrier scattering.36

In addition, the simulation also indicates that the lattice

temperature remains almost unchanged, since Ce is much

smaller than CL.34

The measured relaxation rate (Cpr ¼ 1=spr) relates

to the hot-carrier cooling processes by the following

expression:37

Cpr ¼ �
1

DT=T0

@

@t
DT=T0ð Þ ¼ � g �hx� 2lð Þ Te � TRð Þ

4ckBT3
e

�
sech2 �hx� 2l

4kBTe

� �

tanh
�hx� 2l

4kBTe

� �
� tanh

�hx� 2l
4kBTR

� � : (6)

We present the calculated Cpr with Te¼ 550 K and g¼ 5.3

� 1015 W m�3 K�1 in Fig. 4. It can be seen that Cpr increases

monotonically with increasing photon energy that qualita-

tively agrees with the experimental results. Such a probe

photon energy-dependence has also been discovered in

graphene.26,37

FIG. 3. Broadband non-degenerate

pump-probe spectroscopy. (a) 2D map

of DT/T0 as a function of probe wave-

length and pump-probe time delay. (b)

DT/T0 at five selected time delay, and

the solid lines are fitted to experimental

date using Eq. (2). (c) Electron tempera-

ture for different time delay and two

temperature simulation results. CL ¼ 1.6

� 106Jm�3K�1, Ce¼ 70Jm�3K�2 �Te,

and g¼ 5.3� 1015 W m�3 K�1 were

used.

FIG. 4. The measured relaxation rates (blue circles) and the calculated results

from Eq. (6) with Te¼ 550 K and g¼ 5.3� 1015 W m�3 K�1 (solid red line).
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In conclusion, by combining degenerate and non-

degenerate pump-probe spectroscopy, we reveal that hot-

carrier distribution in Cd3A2 is established on a timescale of

about 400 fs. Significantly, the hot-carrier relaxation dynam-

ics of Cd3A2 can be described by a two-temperature model,

and electron-phonon coupling factor g about 5.3� 1015 W

m�3 K�1 is experimentally deduced. Our findings help better

understand the hot-carrier relaxation dynamics of Cd3As2.
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