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Terahertz emission spectroscopy of ultrafast exciton shift current in the
noncentrosymmetric semiconductor CdS
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The charge-neutral exciton has been predicted to carry genuine photocurrent due to the geometric Berry
phase of the electronic bands, if the inversion symmetry in a crystal is broken. We detect such exciton shift
current in a prototypical polar semiconductor CdS by using terahertz emission spectroscopy. A distinct peak
emerges in the photocurrent spectra at the energy of the exciton resonance, which is demonstrated to result from
the distinct displacements of electrons and holes in real space within the excitons to produce a finite transient
charge current at subpicosecond time scale. Our findings elucidate the Berry phase physics of the charge-neutral
photoexcitations and also shed light on the novel energy harvesting mechanism by exciton generation.
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An exciton is a bound pair of an electron and a hole
attracted by the Coulomb potential, which is charge neutral.
Since the exciton gains energy electrostatically, photons with
the energy below the bandgap can be absorbed upon exciton
formation. The energy E.x measured from the bandgap is
the exciton binding energy, corresponding to this Coulombic
energy gain. For the optical excitation in solids, these excitons
always play important roles. For example, in conventional
photodetectors or in solar cells, the excitons are created at the
first stage, and then separated by the internal/external electric-
field to promote charge currents into the electrodes. For the
real application, a variety of excitonic processes, including
multiple exciton generation, have been employed. Although
the exciton itself is charge neutral, it is predicted recently
that the process of exciton formation actually accompanies
photocurrent by the shift current mechanism [1,2]. The shift
current arises from an instantaneous spatial shift of electron
(hole) cloud in real space upon photoexcitation [3-5], driven
by the geometrical character (Berry connection) of the consti-
tuting electron bands.

The wave functions of the electron and the hole in a non-
cenctrosymmetric crystal shift in real space when forming
the exciton. Therefore, excitation of such an exciton also
supports circuit photocurrent, even without electric or thermal
separation of exciton [Figs. 1(a) and 1(b)]. The amplitude of
the exciton shift current is expected to be comparable to or

slightly smaller than that of the above-bandgap quasiparticle
excitation, since the charge shift can be reduced due to their
bound character [1,6].

There are three key requirements to observe exciton shift
current in real material [1]: (i) In the excitation spectrum,
the exciton absorption should be well separated from the
conduction band continuum. (ii) The system should be cooled
to reduce thermal separation of exciton into free carriers.
(iii) The photoexcitation should be distant from electrodes to
avoid extrinsic effects, such as the charge accumulation at the
semiconductor/metal junctions.

Photocurrent generation at the time scale of elementary
optical-transition process can be studied by using terahertz
(THz) optics without electrodes [7]. When detecting pho-
tocurrent by conventional electric circuits, we often suffer
from current artifacts from electrode contacts, insufficient
temporal response of preamplifiers, etc. On the contrary, if we
measure an electromagnetic wave radiated from a transient
photocurrent, which is in the THz frequency in many cases,
we can retrieve the ultrafast charge dynamics in a noncontact
manner, at the spatial resolution of incident laser spot.

Some THz experiments on the ultrafast photocurrent
(and shift current) have been reported on III-V semicon-
ductor bulk crystals [8], semiconductor superlattices [9,10],
semiconductor nanosheets [11], ferroelectric semiconductors
[12,13], topological insulators [7], and Weyl semimetals
[14-16]. In reality, the ultrafast THz photocarrier dynamics in
GaAs/InGaAs quantum well [17,18] have shown enhanced re-

“Author to whom correspondence should be addressed: sponses at the exciton resonance. However, these experiments
masato.sotome @riken.jp were performed at room temperature where the exciton and
2469-9950/2021/103(24)/L.241111(6) L241111-1 ©2021 American Physical Society


https://orcid.org/0000-0003-4630-5056
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.103.L241111&domain=pdf&date_stamp=2021-06-21
https://doi.org/10.1103/PhysRevB.103.L241111

M. SOTOME et al.

PHYSICAL REVIEW B 103, L241111 (2021)

(@)

Conduction band

—
O
-~

Shift-current

Exciton
1

--------- Exciton €

o
5
§ ___Above-bandgap

A ° shifft-current (Jeon)
o

B

C — ==

Valence band

:2652 meV

12612 meV

[ 2552 meV

2480 meV

E.,, (arb. units)

E.,, (arb. units)

_1'....l....|....|....|....|....|....|....
-2 -1 0 1 2 3 4 5 6
Delay time (ps)

FIG. 1. (a), (b) Schematics of exciton energy levels and shift
current spectra for CdS. Exciton shift current is expected to appear at
the exciton resonance, while total photocurrent is the sum of exciton
shift current and the above-bandgap one. The spectra in (b) are based
on Egs. (1) and (2) in the main text. (c) Incident photon energy
dependence of the terahertz emission near the A-exciton resonance
(2552 meV) in CdS (1100) (Ejyer || Etn ||l ¢, 1 uJ/pulse, offset for
clarity). (d) Result of factor analysis separating contributions from
exciton shift current and in-gap optical rectification (in-gap OR).

above-bandgap transitions are hardly separable, and have not
been discussed in the light of the exciton shift current.

In this Letter, we demonstrate the presence of exciton shift
current in a CdS crystal at low temperature (2 K) by utilizing
THz emission spectroscopy. Femtosecond optical excitation at
the exciton resonance was found to generate sizable transient
shift current, leading to the electromagnetic radiation into the
free space. We analyze this radiation in detail with varying the
incident photon energy and intensity.

CdS has a noncentrosymmetric polar wurtzite structure
with a direct bandgap in the visible energy range (2584
meV at 2 K) and with relatively large exciton binding en-
ergy Ee of ~30 meV [19-22]. It has long been used as
commercial photoresistors. CdS is also known to show a
quantum-mechanical interference in the photocurrent [23] and
has been a target material to demonstrate the existence of

shift current under the above-bandgap photoexcitation [4,24].
We used 1-mm-thick 5 x 5 mm? CdS(1100) crystals with
high resistivity with resistivity of 1 x 10" Q cm (SurfaceNet
GmbH, Germany). The crystal was optically polished, etched
in HCI solution, and subsequently cooled to 2 K in helium
atmosphere. A Ti:sapphire regenerative amplifier (130 fs at
1 kHz) and an optical parametric amplifier are employed for
excitation. The spectral width of the laser pulse was 28 meV
(full width at half maximum, FWHM) when without further
treatments. The THz radiation from the excitation spot in the
reflection geometry was focused on a 2-mm-thick ZnTe(110)
and measured by electro-optical sampling [12,25].

In bulk crystals lacking inversion symmetry, spontaneous
photocurrent J has two contributions as J = Jeo + Jex, Where
Jeon 18 the conventional shift current with the above-bandgap
excitation and J is the exciton shift current [Fig. 1(b)]. These
two contributions can be expressed as [1]

o) = & |Bs [ A2 R
conl®W) = h2 o /(2ﬂ)3|v12 |
x L (1)
(0 — wey(k))? + T2
2 3 EHSCT 2
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(0 — wex)z + rz
2

Here, Ej. is the electric field of incident laser with
angular frequency w, hwc, (k) = E.(k) — E,(k) is the en-
ergy difference between the valence and conduction electrons
with E. (k) [E, (k)] the conduction (valence) band dispersion,
vip(k) = (Y. |D|Ye k) is the interband matrix element of
the velocity operator ¥ with v/, being the wave function
for the conduction/valence band, R = %Im[log vial +a; —

a, is the shift vector, and I" is the scattering rate of the
electron-hole pair. hiwe is the energy of exciton excitation,
and (8k)? is the small volume in the Brillouin zone within the
energy range of exciton binding energy above the band gap,
where the Bloch states participate in the exciton formation.
(We assume that the band gap is located at k = 0). We find
that J.o, is nonzero only for the photon energy 7w exceeding
the bandgap . In contrast, the Jex is nonzero at the exciton ab-
sorption at fiw.x below the band gap [Fig. 1(b)]. We note that
the above exciton shift current formula applies for shallow,
i.e., small-E¢y, excitons where the exciton is formed by Bloch
states near the band gap (Supplemental Material [26]). The
formula for general cases can be found in Ref. [1].

Figure 1(c) shows the representative THz wave forms at
several excitation photon energies. Here the excitation at
2552 meV is resonant with the exciton absorption in CdS at
2 K as will be discussed later [39]. Note that there exist three
exciton resonances in CdS derived from three valence bands
near the I point [named A, B, and C exciton see Fig. 1(a)].
The C-exciton absorption is located higher than the band edge
[Fig. 1(a)] [40]. In principle, A exciton [A, in Fig. 1(a)]
photoabsorption is forbidden [19] in our setup (Ejuser || ¢ OF
Eluser L, where Ej, indicates the electric field of incident
laser, with detected radiation Ety, || ¢). However, the mag-
netic field of light or the finite momentum of photon is known
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FIG. 2. (a) Excitation spectra of the second-order photoconduc-
tivity for shift current and in-gap optical rectification (in-gap OR).
The shift current component is fitted by the exciton and three above-
bandgap resonances (with light colors). Theoretical spectrum for
Jeon(above-bandgap shift current) calculated with spin-orbit interac-
tion is also plotted in brown. The onset energy is shifted to match
with the band edge. Note that the excitonic effect is not taken
into account, thus not reproducing the spectrum around the exciton
resonance. DFT w/ SOC: density functional theory with spin-orbit
coupling. (b) Excitation spectrum of the terahertz amplitude mea-
sured by the narrow-band laser source. The horizontal black bars
in (a) and (b) indicate the experimental energy resolution (FWHM
of the incident optical pulse energy). Exciton resonances, binding
energy E., and bandgap E, (grey arrows) are from Ref. [39]. The
slight discrepancy between these literature values and the fitting
peaks may be ascribed to the sample variation.

to realize the A-exciton (n = 1) absorption [19,41]. Previ-
ous studies also revealed the photocurrent generation at the
A-exciton resonance under the electric bias [42,43], in which
photoexcited exciton polaritons are forced to separate into free
carriers.

We find a clear difference in the peak positions (by
~0.25 ps) in the THz wave forms for the below-bandgap
(hw = 2480 meV) and above-bandgap (fiw > 2580 meV)
excitations, corresponding to a nearly 7 /2 phase shift for
the central frequency (~1.0 THz). This phase shift manifests
the difference in the origin of THz emission; shift current by
the above-bandgap and the optical rectification (OR) by the
below-bandgap photoexcitation [4,44]. The spectrum at the
exciton resonance (fiw = 2552 meV) seems to be a mixture
of two features. We have performed factor analysis, which
can search the base wave forms and their relative contri-
butions from possibly mixed signals [45]. This technique is
well-known in the analysis of photo luminescence spectra for
the molecular species identification [46]. As a result of this
analysis, we separated the THz wave forms into two distinct
origins [Fig. 1(d)] [12,13].

In Fig. 2(a), we plot the second-order photoconductivity
o 2) spectrum deduced via the factor analysis (Supplemental
Material [26]). A peak at the A-exciton resonance (2552 meV)
is discerned in the spectrum of the shift current, whereas
there is no corresponding feature for the in-gap OR. The

in-gap OR component shows phase reversal (being positive
to negative in sign) at the bandgap energy, in agreement with
the reported first-principles calculations [4]. We evaluate the
shift distance rgir = 0.12 A (62 =0.17 nA/V?) at the
exciton resonance by comparing the amplitude of emitted
THz wave with that from (110) ZnTe, while that for the
above-bandgap excitation (at 2612 meV) is found to be rgip =
0.21 A (62 = 0.30 nA/V?). These numbers are somewhat
smaller compared to those in the previous first-principles
calculations [4]. Our first-principles calculation for J.o,, in-
corporating the spin-orbit interaction (SOC) but without
excitonic effects, is found to show a comparable amplitude
with our experimental spectrum [Fig. 2(a), see Supplementary
Material for detail]. Generally, the nonlinear optical conduc-
tivity 02) between the band edge and the exciton resonance
energy will be renormalized with the existence of exitonic
interactions, as seen in the experimental data. Note that it
is difficult to incorporate the excitonic effects to the first-
principles calculation used here. The absolute value of the o)
is smaller than the previous report on the THz emission ex-
periments excited above the bandgap energy (rshife = 2 /0\, and
o2 =6 uA/V? at 3000 meV) [24]. This discrepancy may
come from the large difference in the absorption coefficient
olaser at the photon energy used, since o) is proportional to
FshiftXlaser [24]

We fit the second-order photoconductivity spectrum by
four Lorentz peaks [one being for the exciton resonance and
the higher-lying three for the phenomenological representa-
tion of the continuous electron-hole excitations derived from
three valence bands, Fig. 1(a)] convoluted with the Gaussian

laser spectrum (FWHM of 28 meV) as shown in Fig. 2(a):

@ == > )
Oexp(®) = ——eXx — < 5
P 2 Olaser P 20éser

ViZUi
>l<|: Z —(w—wi)2+)/i2j|' 3)

i=1,2,3,4

The lowest energy peak was found to have the resonance
energy €; = hiw; = 2550 =2 meV and scattering parameter
By, = 7.7+ 3.2 meV. These are in good agreement with the
A-exciton parameters in CdS reported in previous studies;
€1 = 2552 meV for the absorption [40] and dielectric spec-
trum at 2 K [47], and Ay = 7.8 meV in the electric-field
modulation reflectance spectroscopy at 13 K [48]. From an
order-of-magnitude estimation by using Egs. (1) and (2), the
amplitude of the exciton shift current Jox is expected to be
comparable to that for the above-bandgap shift current Jeon
integrated over the energy range of exciton binding energy
from the absorption edge. Our fitting is consistent with this
prediction, supporting the existence of the exciton shift cur-
rent. For the incident laser polarization normal to the ¢ axis
(EpaserLc), the shift current spectrum shows the exciton reso-
nance ~2 meV lower compared with that for Ej,; || ¢ (See
Supplemental Material [26]). This difference is ascribed to
the excitation of longitudinal-transverse (LT)-mixed mode in
CdS, from the analyses of polarization dependent absorption
spectra [34-36]. The LT splitting of A-exciton energy was
reported to be 1.9 meV [49,50]. The overall fitting parameters
can be found in the Supplemental Material [26].
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FIG. 3. (a) Shift current dynamics at 2540, 2556, and 2612 meV
excitation (Epger || Etn, || ¢, and T = 2K) (offset for clarity). (b)
Incident photon energy dependence of the scattering rate.

The spectrum in Fig. 2(a) is evaluated with considering
the incident laser spectral width (FWHM) of 2+4/2In207,5er =
28 meV, which is rather comparable to the exciton binding
energy (30 meV) of CdS. To confirm the presence of exciton
shift current, we repeated the measurements by modifying the
spectral width of the incident laser by using a monochromator
(FWHM 2+/2In2037° to be 15 meV). The resultant THz
amplitude spectrum is shown in Fig. 2(b). We fit the spectrum
without the factor analysis for this case, which again revealed
a distinct peak at the exciton resonance. The narrow band-
width excitation made the A-exciton peak more pronounced.

Other nonlinear optical effects resonant with the exci-
ton may show a similar incident photon energy dependence.
We calculate the photocurrent dynamics J(¢) [Fig. 3(a)]
[12,13,26]. The time-domain dynamics was fitted by the fol-
lowing formula [solid lines in Fig. 3(a)]:

1 —12
. [Jshmaa) — Jgecaylt(t) exp (—%)] @)

J(t) =

where the asterisk operator (x) means the convolution, 7, is
the instrumental time resolution (~0.28 ps), Jife 1S the am-
plitude of the shift current, and Jyecay is the partial relaxation
of shift with a decay time 7. Here the negative sign on Jyecay
(current in opposite direction) indicates that the electrons’ and
holes’ spatial shift is randomized to some extent on this time
scale [51], leading to reversal flow of the charge current [3].
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FIG. 4. Incident laser power dependences of the THz amplitude
near the exciton resonance energies; (a) below and (b) at the exciton
resonance, and (c),(d) above the exciton resonance. Fitting curves are
from Eq. (5), indicating a sublinear increase of THz amplitude on the
incident pulse energy.

Fitting analysis of J(¢) dynamics by Eq. (4) has been reported
previously in topological insulators [7] and ferroelectric semi-
conductors [12,13]. Optical transitions play a predominant
role in the first term of Eq. (4) [Jshir], and the decoherence
processes should be the origin of the second term [Jgecay]
(Refs. [7,52-54]).

Figure 3(c) shows the incident photon energy depen-
dence of the scattering rate 1/7. We obtained 7' = 0.32 ps
(2556 meV), for which /T = 13 meV is in good agreement
with the half linewidth of the exciton absorption (%/T =
10 meV) in CdS. The longer T for the lower photon energy
excitation below the A-exciton resonance (2540 meV, red line)
should be ascribed to the smaller excess energy at the exciton
generation, or excitation of a different polariton branch, which
is omitted in Fig. 1(a) for simplicity. For the excitation above
the bandgap, T is found to be about 0.4 ps (1/T = 2.5 THz).
Previous studies have discussed the damping of excitonic po-
laritons considering the couplings with optical and acoustic
phonons [55,56].

The incident laser power dependence for the in-gap exci-
tation (2480 meV) reveals that the square root of the THz
intensity (Ity,) increases linearly (ITII/JIZZ o | Ejgser|* X Laser)
[Fig. 4(a)], which is consistent with the process expected for
the in-gap OR (Eor o Por o Ejager> o laser) [13]. In stark
contrast, we confirmed that the THz intensity shows the
crossover from linear to sublinear behavior as the laser inten-
sity increases for the exciton and above-bandgap excitations
[Figs. 4(b)-4(d)], which is a hallmark of the shift current [57],

r 2
2 . 5 | Elaser|
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This crossover behavior from |Ejyer|? t0 | Ejaser| arises from
the increase of stimulated radiation from the excited state for
higher power. All the above observations point to the emer-
gence of exciton shift current in CdS.

In summary, we have experimentally demonstrated the
existence of exciton shift current in CdS as measured by
THz emission spectroscopy. The photocurrent dynamics, as
exemplified in the emitted THz wave forms, changes from the
conventional in-gap optical rectification to the real excitation
at the exciton resonance (and also for the above-bandgap ex-
citation) while varying the photon energy. The incident power
dependence also supports the presence of the exciton shift
current. Thus, it is concluded that the charge-neutral exciton
can support a transient photocurrent through the shift current
mechanism. In materials with high covalency including many

photovoltaic materials, the photoexcited state has excitonic
characters [58]. Our results suggest future applications of
exciton excitation in energy harvesting devices, especially
in organic semiconductors and hybrid organic-inorganic per-
ovskites.
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