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We studied the dynamics of photogenerated carriers in Cu2ZnSnS4 (CZTS) single crystals using

femtosecond transient reflectivity (TR) and optical pump-THz probe transient absorption (THz-

TA) spectroscopy. The TR and THz-TA decay dynamics consistently showed that free carriers

have long lifetimes of up to a few nanoseconds. The excitation-photon-energy-dependent TR meas-

urements revealed a slow picosecond energy relaxation of free carriers to the band edge in CZTS.

The relaxation and recombination dynamics of free carriers were affected by nonradiative recombi-

nations at the surface. Our results revealed a global feature of energy relaxation and recombination

processes of free carriers in CZTS single crystals. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4903802]

Cu2ZnSnS4 (CZTS), which is composed of earth-

abundant and low-toxicity elements, is being considered as a

photovoltaic material for next-generation low-cost solar

cells1,2 owing to its optimal band gap for solar-energy con-

version and high absorption coefficient in the near-infrared

and visible spectral regions.3,4 However, the maximum

power conversion efficiency of CZTS-based solar cells is

only �8.4%;5 it must be improved significantly to realize

practical applications. A more insightful understanding of

the fundamental optoelectronic properties that govern the

photovoltaic operation of solar cells is a prerequisite for

improving the power conversion efficiency, and most of the

previous studies have been devoted to the physical phenom-

ena related to complicated defects in CZTS.6–10 Theoretical

and experimental studies have revealed that the defects

formed in CZTS are located rather deeper in the forbidden

gap than those in CuIn1�xGaxSe (CIGS),11 resulting in a low

open-circuit voltage in CZTS-based solar cells.5

Thus far, the knowledge of free-carrier dynamics in

CZTS, which plays a critical role in photovoltaic operation

of solar cells, has been scarce. The polycrystalline samples

widely used in previous works contain different grains with

different sizes, shapes, chemical compositions, etc., and the

grain boundary defects usually serve as carrier traps.

Therefore, the dynamic behaviors of free carriers in poly-

crystalline samples are complicated, making it difficult to

explore the free-carrier dynamics. Single-crystal samples are

favorable for extracting the intrinsic characteristics of free-

carrier dynamics, which will be greatly helpful for designing

highly efficient thin-film solar cells.

Time-resolved optical spectroscopy provides essential

information on photocarrier relaxation and recombination

processes in emerging solar cell materials.12,13 Particularly,

optical pump-optical probe transient reflectivity (TR) and

absorption spectroscopic techniques are widely used to

investigate the ultrafast sub-picosecond dynamic evolution

of photoexcited carriers in various types of bulk materials.14

By probing with a THz pulse, transient dynamics is deter-

mined mainly by the temporal change in free-carrier den-

sity.15 A combination of these two spectroscopic techniques

will be fruitful for achieving more precise and detailed

understandings of free-carrier dynamics in solar-cell

materials.

In this Letter, the dynamics of free carriers in CZTS sin-

gle crystals has been studied using femtosecond TR and opti-

cal pump-THz probe transient absorption (THz-TA)

spectroscopy. In both TR and THz-TA experiments, we

observed that free carriers have long lifetimes owing to the

thermal excitation of localized photocarriers from the tail

states below the band edge. In addition, we found a slow

energy relaxation of free carriers to the band edge in CZTS.

Under high-energy photoexcitation, the dynamics of photo-

generated carriers in CZTS is influenced by nonradiative

recombinations at the sample surface.

The CZTS single crystals used in this study were grown

using the traveling heater method.16 The composition of the

CZTS single crystals was estimated from the stoichiometric

ratio as slightly Cu-poor, Zn-rich, Sn-poor, and S-rich.17 The

Cu-poor, Zn-rich, and S-rich composition is important to

obtain highly efficient CZTS-based solar cells.4 These sam-

ples were kept at room temperature (RT) when performing

all experiments.

In photoluminescence excitation (PLE) and photocurrent

(PC) measurements, a wavelength-tunable continuous-wave

Ti:sapphire laser was utilized for photoexcitation energies

ranging from 1.36 to 1.72 eV, while a broadband white-light

picosecond laser equipped with a bandpass transmission

a)Author to whom correspondence should be addressed. Electronic mail:

kanemitu@scl.kyoto-u.ac.jp
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filter was used for photoexcitation energies ranging from

1.51 to 2.21 eV. The PL signal was detected using a liquid-

nitrogen-cooled InGaAs photodiode array through a 30-cm

monochromator. The PC collected from two Au electrodes

deposited on the sample surface was converted to voltage

and then recorded through a lock-in amplifier.

THz-TA measurements were performed using a 1-kHz

Ti:sapphire regenerative amplified laser with a pulse dura-

tion of 35 fs.18 The excitation pump with tunable photon

energy emitted from an optical parametric amplifier was

chopped with a frequency of 250 Hz and focused loosely on

the sample attached to a metal plate with a 2-mm-diameter

hole. A THz probe pulse with a center frequency of 1 THz

generated from two-color pumped air plasma was directed to

the excitation spot. The electric-field profile of the transmit-

ted THz pulse was detected using the electro-optic sampling

method by utilizing a 1-mm-thick ZnTe crystal. The detecta-

ble range was from 0.5 to 2.5 THz.

In TR measurements, the excitation pulse emitted from

an optical parametric amplifier pumped by a Yb:KGW (po-

tassium gadolinium tungstate) regenerative amplified laser

with a pulse duration of �200 fs and a repetition rate of

50 kHz was chopped with a frequency of 130 Hz and irradi-

ated on the sample. The excitation photon energy was tuned

from 1.62 to 3.10 eV. A part of the seed pulse from the

Yb:KGW regenerative amplified laser was focused on a sap-

phire crystal to generate a white-light probe pulse. The

reflection of probe pulses from the excitation spot was col-

lected through a monochromator. The TR signals were

obtained by comparing the reflectivity of probe pulses with

and without the chopped pump-pulse excitation. While the

temporal resolution in THz-TA experiments was a few pico-

seconds, the TR measurements were able to reveal ultrafast

sub-picosecond dynamic responses of photoexcited carriers.

The time evolution of the free carriers generated after

photoexcitation can be tracked using either TR or THz-TA

spectroscopy. Figure 1(a) shows the THz-TA and TR decay

dynamics (where Eprobe�Eg) under a weak 2.06-eV photo-

excitation at RT. The THz-TA decay curves are non-

exponential and almost identical to the TR decay curves.

This means that both THz-TA and TR decay curves demon-

strate time-dependent free-carrier population after photoexci-

tation. The free carriers in CZTS have long lifetimes of up to

a few nanoseconds. Note that a slow nanosecond-scale decay

was also observed in the PL kinetic trace that reflects the dy-

namics of the localized photocarriers.4,9,10 Thus, we attribute

the long lifetime of free carriers in CZTS to the thermal exci-

tation from the tail states.11,19,20

The amplitude of the THz-TA signal just after photoex-

citation, which reflects the total number of photoexcited free

carriers, is plotted as a function of the photoexcitation energy

in Fig. 1(b), along with the PC spectrum obtained using the

conventional measurement in which the electrodes on the

sample surfaces were utilized to collect the photoexcited car-

riers. A peak around 1.60 eV appears in the PC spectrum,

indicating the near-band-edge transitions.4 For high-energy

photoexcitation, the PC decreases quite faster than the THz-

TA amplitude with increasing excitation energy. These

decreases in the PC and THz-TA amplitude are due to the

nonradiative recombinations at the surface.4,21 Under high-

energy photoexcitation, the generated carriers are located

mainly near the sample surface, where the number of nonra-

diative sites is much larger than that in the bulk. A large ratio

of photocarriers is then captured in the nonradiative sites

before being collected by the surface electrodes, causing the

steeper decrease in the PC compared to the decrease in THz-

TA amplitude with increasing photoexcitation energy. In

order to improve further the charge collection efficiency of

CZTS-based solar cells, the nonradiative sites, especially

those on the sample surface, must be suppressed.

We now focus on the TR decay dynamics in the early

delay time region after photoexcitation to investigate the

ultrafast relaxation dynamics of free carriers in CZTS single

crystals. In order to proceed with further time-resolved

investigations of relaxation dynamics, we first clarify

the electronic band structure of CZTS. Figure 2(a) shows a

typical PLE spectrum of CZTS single crystal at RT, which

exhibits two peaks located at about 1.60 and 1.67 eV.

The low-energy PLE peak is in good agreement with the

observed PC peak, indicating strong absorption due to the

near-band-edge transitions.4 A schematic of the electronic

band structure of CZTS is presented in the inset. The energy

separations between the topmost valence band (VB) and the

second- and third-topmost VBs of CZTS were theoretically

estimated to be about 50–70 meV.22 The experimentally

observed energy difference between two PLE peaks is con-

sistent with the calculated values. The high-energy PLE

peak, therefore, is not due to the high-energy-side drop

caused by nonradiative recombination at the surface4,21 but

corresponds to the intrinsic features of the CZTS electronic

band structure: optical transitions between the lowest con-

duction band (CB) and the second- and third-topmost VBs.

FIG. 1. (a) Transient reflectivity (solid red circles) at a probe energy of

Eprobe¼ 1.60 eV and THz transient absorption (blue curve) decay dynamics

under weak 2.06-eV photoexcitation at RT. (b) The amplitude of THz tran-

sient absorption just after photoexcitation (THz-TA) as a function of the ex-

citation photon energy (solid blue circles), along with the steady-state PC

spectrum (solid red circles).

231902-2 Phuong et al. Appl. Phys. Lett. 105, 231902 (2014)
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Figure 2(b) shows the TR kinetic traces at probe energies

of Eprobe¼ 1.59–1.61 eV and Eprobe¼ 1.65–1.68 eV obtained

under a weak 1.62-eV photoexcitation at RT, along with their

convoluted fitting curves. The TR decay dynamics at low

probe energies (Eprobe< 1.66 eV) are composed of one rise

and one slow decay components with time constants srise of

several hundreds of femtoseconds and sslow of several tens to

hundreds of picoseconds, respectively. Differently, the TR ki-

netic traces at high probe energies (Eprobe> 1.66 eV) consist

of two decay components, fast and slow, with time constants

sfast of a few picoseconds and sslow of several tens to hundreds

of picoseconds, respectively. The probe energy dependences

of srise, sfast, and sslow are summarized in Figs. 2(c) and 2(d).

The nearly resonant 1.62-eV photoexcitation generates

electrons only in the lowest CB and holes only in the topmost

VB; no photogenerated holes exist in the second- and third-

topmost VBs. The TR decay dynamics at high probe energies,

therefore, reflect the dynamic responses of only the photoexcited

electrons in the lowest CB, while the TR decay dynamics at low

probe energies should also reflect the dynamic behavior of the

holes in the topmost VB. Thus, we attribute the rise time srise,

which is observed only in the TR decay dynamics at low probe

energies and decreases with increasing probe energy, to the

energy relaxation time of photoexcited holes in the topmost VB.

The fast decay sfast emerging only in the TR kinetic traces at

high probe energies is due to the trapping time of photogenerated

electrons to the trap states. The slow decay sslow originates from

the nonradiative processes of photocarriers.

In general, the intraband relaxation of photocarriers is

governed by carrier–phonon and carrier–carrier scattering.

To identify which process is dominant in the energy relaxa-

tion of photocarriers to the band edge in CZTS single

crystals, we conducted excitation-fluence-dependent TR

measurements. Figure 3(a) shows the TR decay dynamics at

a probe energy of Eprobe¼ 1.60 eV (�Eg) under different flu-

ences of 1.87-eV photoexcitation; the dashed curves are the

fitting results. The rise time srise remains nearly constant as

the photoexcitation fluence increases by about one order in

magnitude, implying that the energy relaxation of

photocarriers in CZTS is predominantly determined by car-

rier–phonon scattering, rather than carrier–carrier scattering.

The electrostatic potential fluctuations occurring in

CZTS4,7,9,10 result in the spatial separations of photocarriers,

which suppresses carrier–carrier scattering.19

In order to gain deeper insights into the energy relaxa-

tion dynamics of free carriers to the band edge in CZTS, we

performed excitation-photon-energy-dependent TR measure-

ments. Figure 3(b) shows the excitation-energy dependence

of the TR decay dynamics at a probe energy of

Eprobe¼ 1.60 eV obtained under weak photoexcitation. A

quickly decaying negative signal appears in TR kinetic traces

just after photoexcitation, and a rise time clearly emerges as

the excitation photon energy increases. The TR decay dy-

namics in the early delay time region can then be fitted well

using one rise, one decay, and one negative decay compo-

nents, as shown by the dashed black curves in Fig. 3(b).

Note that the quickly decaying negative TR signal

appears clearly only in the photobleaching TR kinetic traces

at probe energies around the band-gap energy Eg

(�1.60 eV). The negative TR signal is thus attributed to the

ultrafast band-gap renormalization occurring just after photo-

excitation.14 In Fig. 3(c), the rise time srise extracted from

the fitting results is plotted as a function of the excess energy

Eexc, which is determined as the energy difference between

the pump and probe energies, Epump – Eprobe. The energy

relaxation of hot carriers to the band edge is slow, up to a

few picoseconds, and increases monotonically on increasing

the excess energy Eexc (up to �1 eV).

The observed energy relaxation rate of hot carriers in

CZTS is much slower than those in conventional direct-gap

semiconductors, which are typically on the order of tens to

hundreds of femtoseconds.23,24 Because of spatial distribu-

tion of charged defects, electrostatic potential fluctuations

occur near the band edge in CZTS4,7,9,10 to form local poten-

tial minima in the CB and VBs.25 We believe that these local

potential minima and electrostatic effects repeatedly capture

the photoexcited carriers during their relaxations to the band

edges, therefore, decelerate the energy relaxations of hot

FIG. 2. (a) PLE spectrum of CZTS single

crystals at RT. The inset is a schematic of

the electronic band structure of CZTS. (b)

Transient reflectivity decay dynamics at

probe energies of Eprobe¼ 1.59–1.61 eV

and Eprobe¼ 1.65–1.68 eV obtained under

a weak 1.62–eV excitation at RT. The

solid curves are fitting results. (c) Probe-

energy dependences of the rise time srise.

The dashed line shows the rise time lim-

ited by the measurement system. (d) The

fast decay time sfast (solid red circles) and

slow decay time sslow (solid blue circles)

as functions of the probe energy.

231902-3 Phuong et al. Appl. Phys. Lett. 105, 231902 (2014)
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carriers. For polycrystalline CIGS in which such potential

fluctuations take place,7,26 a similar slow relaxation of photo-

carriers has been recently observed.19

Finally, we give comments on the effects of free-carrier

dynamics in CZTS on the solar-cell performance. In this

study, we revealed the existence of long-lifetime free photo-

carriers and the slow energy relaxation of hot carriers in

CZTS. The long lifetime of photocarriers, which is caused

by the thermal excitation from the tail states, gives rise to a

good charge collection observed in CZTS-based solar

cells.5,27 Therefore, we conclude that CZTS has a high

potential for solar-cell materials. In addition, the slow pico-

second relaxation of hot carriers might produce a positive

effect on the power conversion efficiency of CZTS-based so-

lar cells, because hot carriers with large excess energies

result in efficient charge-separation and charge-transport.

However, the deep defects existing in CZTS6–10 lead to the

low open-circuit voltage and limit the power conversion effi-

ciency of CZTS-based solar cells.5,27 In order to improve the

performance of CZTS-based solar cells, more efforts must

be made to reduce the deep defect states.

In conclusion, we experimentally studied the dynamics

of free carriers in CZTS single crystals by a combination of

TR and THz-TA measurements. The thermal excitation of

photocarriers localized in the tail states results in the long

lifetime of free carriers observed consistently in the TR and

THz-TA decay dynamics. The slow picosecond energy

relaxation of hot carriers in CZTS may be caused by electro-

static potential fluctuations near the band edge. Under high-

energy photoexcitation, nonradiative recombinations near

the surface region affect the optoelectronic properties of

CZTS. Our findings provide a deep insight behind physics of

the photovoltaic operation of CZTS-based solar cells.

This work was supported by JST-CREST and the

Sumitomo Electric Industries Group CSR Foundation.
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FIG. 3. (a) Transient reflectivity decay

dynamics (shifted vertically for clarity)

at a probe energy of Eprobe¼ 1.60 eV

under different excitation fluences of

1.87-eV photoexcitation. The dashed

curves are fitting results. (b) Transient

reflectivity decay dynamics (shifted

vertically for clarity) at a probe energy

of Eprobe¼ 1.60 eV obtained under

weak excitations of different photon

energies noted nearby. The dashed

curves are fitting results. (c) Rise time

srise detected at a probe energy of

Eprobe¼ 1.60 eV as a function of the

excess energy. The dashed line is a

guide for the eye.
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