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ABSTRACT: In a conventional three-dimensional (3D) semi-
conductor, exciton binding is significantly weaker than that of a
low-dimensional system due to the absence of geometry confine-
ment and strong dielectric screening. β-ZnTe(en)0.5, a 3D II−VI
organic−inorganic hybrid semiconductor, with subnanometer
inorganic sheets, is predicted to possess an exceptionally large
exciton binding energy, orders-of-magnitude higher than that of
bulk ZnTe. However, experimental validation of this prediction is
elusive. This study provides the first experimental confirmation of a
large Eb in β-ZnTe(en)0.5 using one-photon photoluminescence to
detect the exciton ground state (1s) and two-photon photo-
luminescence excitation spectroscopy to probe the 2p-like exciton
excited state. The 1s−2p separation can be taken as the lower-
bound value of Eb and further used for estimating Eb by applying a hydrogenic model. The results reveal a 1s−2p separation of 280
meV at 300 K, which yields Eb exceeding 315 meV based on a hydrogenic model, the largest among 3D structures. The large Eb in β-
ZnTe(en)0.5 is derived from its 2D-like electronic properties. This work experimentally confirms the giant Eb in β-ZnTe(en)0.5
together with the information on the exciton excited states, thereby setting a critical benchmark for more rigorous theoretical studies
and establishing a novel spectroscopic approach for investigating a large group of hybrid semiconductors.

■ INTRODUCTION
Exciton plays a pivotal role in semiconductors as fundamental
quasi-particles governing optical absorption, emission, and
energy transfer, enabling advancements in photovoltaics, light-
emitting devices, and quantum technologies.1 In conventional
three-dimensional (3D) semiconductor systems, excitonic
effects are relatively weak. For example, in bulk GaAs and
ZnTe, the exciton binding energies (Eb) are only 4.2 and 13
meV at low temperatures,2,3 respectively. Such weak excitonic
binding severely limits their application prospects in advanced
optoelectronic devices where robust exciton stability is
essential, particularly for room-temperature operation and
quantum coherent manipulation. In low-dimensional semi-
conductor systems, the Coulomb interaction between electrons
and holes can be significantly enhanced due to the quantum
confinement effect and reduced dielectric screening, leading to
pronounced excitonic effects and enhanced tunability.1,4−7 The
first approach to enhance the excitonic effect is using
superlattices and quantum wells of inorganic semiconductors,
e.g., GaAs/AlGaAs. It offers advantages in controlling the
active volume through tailoring the well and barrier thicknesses
and structural robustness as covalently bonded 3D structures,
but the enhancement in the exciton binding energy is modest.8

However, in one-dimensional (1D) carbon nanotubes, Eb
reaches 300−400 meV, exhibiting strong dependence on

tube diameter and chirality.4,5 Similarly, in few-layer transition
metal dichalcogenides (TMDs), a class of two-dimensional
(2D) semiconductors, Eb ranges from 300 to 700 meV, which
are nearly one to 2 orders of magnitude larger than those in 3D
systems, underscoring the dominant role of excitons in their
optoelectronic properties.1,6,7

β-ZnTe(en)0.5 (en = C2N2H8, ethylenediamine), a special
3D II−VI organic−inorganic hybrid semiconductor, with two
monolayer thick ZnTe sheets, is expected to possess a strong
excitonic effect with theoretical predictions suggesting an
exceptionally large Eb (>200 meV),

9 which is even comparable
to that of typical low-dimensional semiconductor systems, e.g.,
TMDs.1 This level of Eb represents the largest known within
3D semiconductors. The pronounced excitonic effect in β-
ZnTe(en)0.5 offers significant advantages for developing
ultralow-threshold coherent light sources and energy-efficient
integrated exciton devices operating at room temperature, as it
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not only enhances exciton stability but also provides an ideal
platform for exciton-polariton research.10−12 Notably, the
experimental determination of Eb for β-ZnTe(en)0.5 remains
challenging. The most straightforward method for estimating
Eb in bulk semiconductors or conventional semiconductor
quantum wells is to identify the ns (n = 1, 2, 3···) excitonic
states in the linear absorption at low temperature, extrapolate
them to get the band gap (Eg), and then determine Eb through
Eg = E1s + Eb.

1,3 However, previous linear absorption studies
were not able to determine the Eg, due to the complexity of the
band structure, as well as some practical difficulties working in
the deep-ultraviolet spectral range.9,13,14 Accurate experimental
determination of Eb is essential for understanding the excitonic
behavior of β-ZnTe(en)0.5, a prototype of a large group of
similar structures, making it urgent and important to find
advanced spectroscopy techniques for experimental measure-
ments.
This work reports an experimental study of the exciton

excited state and Eb of β-ZnTe(en)0.5 through combining one-
photon photoluminescence (1P−PL) and two-photon photo-
luminescence excitation (2P−PLE) spectroscopy, which
circumvents the difficulties encountered in the previous
works. Owing to distinct selection rules for one-photon and
two-photon transitions, the linear optical method 1P−PL can
reveal the exciton ground state (1s), while 2P−PLE can be
utilized to probe the exciton excited state, e.g., 2p. Since the
energy difference between the 1s and 2p is closely related to
the Eb, the corresponding 1s−2p separation can be used as a
lower-bound estimate of Eb or to estimate the Eb based on a
hydrogenic model. According to a 2D hydrogenic model, our
results confirm an extraordinarily large Eb in β-ZnTe(en)0.5
exceeding 315 meV at 300 K. The exceptionally large Eb in this
3D hybrid structure is derived from its 2D-like electronic
properties. The experimental determination of Eb in β-
ZnTe(en)0.5 is critical for understanding the excitonic behavior
in such an organic−inorganic hybrid semiconductor, providing
essential insights for optimizing its optoelectronic perform-
ance.

■ RESULTS AND DISCUSSION
Organic−inorganic hybrid semiconductors have attracted
considerable attention in recent years due to their outstanding
optoelectronic properties and versatile applications.15−18 One
of the most extensively and intensively studied hybrid materials
is the hybrid halide perovskite, which exhibits extraordinary
application potentials in a wide range of applications, including
photovoltaics and solid-state lighting.13,19−22 Although the
hybrid systems are of great interest for offering novel and
enhanced properties, there are two typical drawbacks that
restrict their practical application: poor long-term stability and
structural disorder.9,13,14 Thus, hybrid semiconductors with
high crystallinity and long-term stability are highly appreciated.
β-ZnTe(en)0.5 (en = C2N2H8, ethylenediamine) presents one
of the very rare cases that exhibit these two characteristics
simultaneously.9,13,14,23

β-ZnTe(en)0.5 effectively addresses the aforementioned
limitations. On the one hand, β-ZnTe(en)0.5 demonstrates
exceptional long-term stability, with a shelf life exceeding 15
years.13 On the other hand, this hybrid semiconductor is a
perfectly ordered structure, representing an ideal hybrid
semiconductor with both long- and short-range order.14 Its
crystallinity has been reported to rival that of high-quality
elemental and binary semiconductors.13,23,24 The structural

unit of β-ZnTe(en)0.5 consists of two-monolayer-thick
ZnTe(110) slabs interconnected by ethylenediamine mole-
cules forming covalent-like bonding through Zn and N atoms,
as shown in Figure 1(a). β-ZnTe(en)0.5 crystal can be regarded

as a perfect 1D superlattice, distinct from conventional 1D
inorganic superlattices, such as GaAs/AlGaAs,8 which typically
suffer from interfacial lattice mismatch and alloying effects at
the interfaces. It is an orthorhombic crystal with space group
Pnnm, point group D2h, and stacking axis b and in-plane axes a
and c.23,24 Figure 1(b) shows the optical image of the β-
ZnTe(en)0.5 flake, with the marked in-plane axes a and c.
Notably, β-ZnTe(en)0.5 exhibits strong in-plane anisotropy,
where the absorption coefficient along the c-axis is significantly
larger than that along the a-axis.9,14 Because of the in-plane
anisotropy, the crystalline orientation was fixed in subsequent
experiments with the vertical (V) and horizontal (H)
directions in the excitation (or emission) polarization
directions aligned parallel to the c-axis and a-axis, respectively.
To investigate the intrinsic properties of β-ZnTe(en)0.5,

Raman spectroscopy is utilized to verify that the sample
exhibits a pristine structure. As shown in Figure 1(b), there are
some rough areas concentrated at the edges of the sample,
which might be caused by the residues left over from the
sample synthesis process. In this study, we first identified a
clean and uniform area and then examined it by Raman
spectroscopy to make sure that the material yielded Raman
features of the pristine structure. The Raman spectra shown in
Figure 1(c) were obtained from a uniform and flat area on the
sample under different excitation polarization configurations.
The corresponding Raman spectra exhibit multiple sharp peaks
similar to those reported previously.13,25 Their symmetry
assignments have been reported according to DFT calculations
of phonon modes and their Raman tensors.13 The sharp
Raman peaks indicate a high degree of structural ordering in
the hybrid semiconductor, e.g., the full width at half-maximum
of the strongest mode at 133.2 cm−1 is only 2.4 cm−1. In
addition, the β-ZnTe(en)0.5 sample used in this study does not

Figure 1. (a) Structure of β-ZnTe(en)0.5. (b) Optical image of β-
ZnTe(en)0.5. (c) Raman spectra of β-ZnTe(en)0.5 obtained under
different excitation polarization configurations.
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show degradation because no degradation-related Te peaks can
be found in the corresponding Raman spectra, which would
appear at 122 and 141 cm−1.13 After confirmation that the
sample exhibited a high crystal quality, the 1P−PL and 2P−
PLE spectra were taken from the identified areas.
Although the exciton ground state is readily observable in

optical absorption and other spectroscopy measurements for a
material with decent crystallinity, it is nontrivial to identify the
quasiparticle band gap Eg using a spectroscopy technique. For
instance, linear reflectance does not usually show a well-
defined feature at the quasiparticle band gap, and photo-
reflectance (a modulated reflectance) also only yields a feature
near the excitonic band gap, as in the case for a carefully
studied prototype system GaAs.26 As mentioned above, the
most straightforward method for estimating Eb in bulk
semiconductors or conventional semiconductor quantum
wells is to identify the ns (n = 1, 2, 3···) excitonic states in
the linear absorption at low temperature, extrapolate them to
get Eg, then determine Eb through Eg = E1s + Eb. However,
previous linear absorption studies on β-ZnTe(en)0.5 failed to
yield clearly identifiable ns exciton excited states or the
Eg,

9,13,14 due to the inherent complexity of the band structure,
compounded by practical challenges associated with measure-
ments in the deep-ultraviolet spectral range. Here, an
alternative approach is to probe the exciton excited states
using 2P−PLE and evaluate Eb from the level spacing based on
a theoretical model. In the simple 2D hydrogenic model,
electron−hole pairs can form a series of exciton Rydberg-like
states (En), with En = −Eb/[4(n − 1/2)2].1,6,27,28 Each state n
(= 1, 2, 3···) is degenerate with angular momentum l = 0, ±
1,···, ± (n − 1). According to the 2D hydrogenic model, the
energy separations between the excited states and ground state
account for specific fractions of Eb. For example, the energy
separation between the 2p state (n = 2, l = ±1) and the 1s state
(n = 1, l = 0) is 8/9 of Eb.

27,28 Thus, accurately measuring the
energies of both the ground state and an excited state (e.g., 2p)
allows the determination of Eb in the 2D hydrogenic model.
Here, 1P−PL is adopted to obtain the energy of the exciton

ground state (E1s) of β-ZnTe(en)0.5 at room temperature.9,13

Figure 2(a) presents the 1P−PL spectra of β-ZnTe(en)0.5
excited by 4.28 eV under different excitation polarization
configurations at 300 K. A prominent PL peak is observed at

3.56 eV, which directly provides the experimental value of E1s.
Notably, the emission signals in the 1P−PL spectra under both
VV and HH configurations do not exhibit significant
anisotropy.9 As for the detection of exciton excited states,
nonlinear optical effects, such as two-photon photolumines-
cence (2P−PL), can play a crucial role. In the 2P−PL process,
the electron in the valence band undergoes a two-photon
absorption transition to an exciton excited state, followed by an
ultrafast relaxation process to the exciton ground state, and
finally a one-photon interband radiative transition.7 Figure
2(b) demonstrates the PL spectra of β-ZnTe(en)0.5 excited by
2.07 eV pulses, in which a significant 2P−PL signal can be
observed. Although the observed 2P−PL signal (also marked
E1s) is related to the 1s state, it exhibits distinct spectral
characteristics in comparison with the E1s peak in 1P−PL
spectrum, including a slight red shift of peak position,
significant changes in the spectral line shape, and more
pronounced anisotropy. The corresponding changes can be
attributed to the fact that the excitation wavelength of the 2P−
PL spectra falls within the visible range, allowing for the
generation of luminescence signals from deeper regions of the
sample. The self-absorption effect, which occurs as the
emission signal propagates from the deeper region to the
surface, results in a noticeable red shift in the peak position and
asymmetry in the spectral shape.29 The intensity of the 2P−PL
emission signal under VV configuration is much stronger than
that under HH configuration. The enhanced anisotropy is due
to the different selection rules in the one-photon and two-
photon excitations.30

According to the interband dipole transition theory, the
transition process must simultaneously satisfy energy con-
servation and symmetry selection rules. The latter depends on
the symmetry of the final state: one-photon transitions are only
allowed to exciton states with even parity, e.g., 1s/2s state,
while two-photon transitions can access exciton states with odd
parity, e.g., 2p state.1,4−7,27,28,31 Based on the corresponding
selection rules, one can obtain a complete 2P−PLE spectrum
by tuning Eex and probe the exciton excited states according to
the two-photon resonant absorption, particularly the first
allowed excited state, i.e., 2p state, as shown in Figure 3(a).
The contour plot Figure 3(b) shows the measured PL spectra
of β-ZnTe(en)0.5 with different Eex values under the VV
configuration at 300 K. As the Eex values gradually increase, a
typical 2P−PL signal emerges, characterized by its Eex-
independent emission peak position, and exhibits resonant
enhancement at specific Eex. In principle, second-harmonic
generation (SHG) can also be employed to probe excitonic
excited states.7 However, this approach is not applicable to β-
ZnTe(en)0.5 due to its centrosymmetric crystal structure,

13,23

which directly results in the absence of SHG signals, as
indicated by the white dashed line for the would-be SHG
emission energy in Figure 3(b).
The 2P−PLE profile of β-ZnTe(en)0.5 can be obtained as a

horizontal cut in the contour plot of Figure 3(b), taken at the
energy corresponding to E1s, as shown in Figure 3(c). The
excitation profile demonstrates that the 2P−PL signal is absent
under low Eex, especially when ( )E E1.78 eVex

1
2 1s= = .

However, a significant enhancement of the 2P−PL signal is
observed at Eex = 1.92 eV. The corresponding peak position in
the 2P−PLE profile can be identified as one-half of the 2p state
energy ( )E1

2 2p , the lowest-lying symmetry-allowed state for the

Figure 2. (a) 1P−PL spectra of β-ZnTe(en)0.5 obtained under
different excitation polarization configurations at 300 K. (b) 2P−PL
spectra of β-ZnTe(en)0.5 obtained under different excitation polar-
ization configurations at 300 K.
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two-photon transition. Based on the above observation, the
energy difference between the 1s and 2p states can be
obtained: ΔE = E2p − E1s = 280 meV. Combining the
determined ΔE with the position of the 2p state relative to the
continuum in the 2D hydrogenic model,27,28 one can estimate
an overall Eb of β-ZnTe(en)0.5: E E 315 meVb

9
8

= = . Owing
to the pronounced in-plane anisotropy of β-ZnTe(en)0.5 along
the a-axis and c-axis, we further explored its exciton properties
by measuring the corresponding 2P−PLE profiles under the
HH configuration through tuning Eex, as presented in Figure
3(c). Compared with the one obtained under VV config-
uration, the 2P−PLE profile under the HH configuration
exhibits similar features, including a similar excitation profile
and an identical resonance absorption peak position. Their
primary distinction lies in the intensity, which shows significant
anisotropy due to the difference in the two-photon absorption
coefficient along the a-axis and c-axis of the crystal.
Consequently, the Eb of β-ZnTe(en)0.5 can also be estimated
based on the experimental results obtained under the HH
configuration, which is consistent with the value derived from

the VV configuration. Notably, in the corresponding 2P−PLE
measurements, there is no resonance signature associated with
the band edge, even when the two-photon excitation energy
reaches ∼630 meV above the 1s state. The fundamental reason
is that there is no expected singularity in the density of states at
the quasiparticle band gap to give rise to a unique optical
signature.
Low-temperature experimental conditions offer several

advantages, such as narrower emission line widths and
enhanced ability to resolve spectral features. Thus, performing
1P−PL and 2P−PLE experiments at low temperatures is
expected to yield higher precision data and offer robust
validation for room-temperature results. Figure 4(a,b) shows
the 1P−PL and 2P−PL of β-ZnTe(en)0.5 observed under VV
configuration at 80 K. In comparison with the room
temperature results, both the 1P−PL and 2P−PL signals at
80 K exhibit narrower line widths, which facilitates a more
accurate determination of E1s. Due to the persistent influence
of the self-absorption effect on the 2P−PL signal, the E1s (3.69
eV) obtained from 1P−PL is adopted as the experimental
value of the 1s state. Through tuning of the Eex at 80 K, a

Figure 3. (a) Schematic of detecting Eb by 2P−PLE. (b) Contour plot of 2P−PLE spectra of β-ZnTe(en)0.5 obtained by tuning Eex under VV
configuration at 300 K. The white dashed line indicates the position of the 2 × Eex, which is also the theoretical position of the would-be SHG
signal. When scanning Eex, the SHG signal is always absent in β-ZnTe(en)0.5. (c) 2P−PLE spectra of β-ZnTe(en)0.5 under VV and HH
configurations at 300 K.

Figure 4. (a) 1P−PL of β-ZnTe(en)0.5 excited by 4.28 eV under the VV configuration at 80 K. (b) 2P−PL of β-ZnTe(en)0.5 excited by 2.07 eV
under the VV configuration at 80 K. (c) Contour plot of 2P−PLE spectra of β-ZnTe(en)0.5 obtained by tuning Eex under the VV configuration at
80 K. (d) 2P−PLE profile of β-ZnTe(en)0.5 under the VV configuration at 80 K.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.5c15468
J. Am. Chem. Soc. 2025, 147, 42867−42873

42870

https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c15468?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c15468?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


complete 2P−PLE spectrum can be probed, as shown in
Figure 4(c). The intensity of the 2P−PL signal with narrow
line width also exhibits an Eex-dependent feature, similar to the
characteristic observed at room temperature. Figure 4(d)
directly illustrates the 2P−PLE profile at 80 K. E2p can be
estimated based on the position of the resonance peak in the
2P−PLE profile. Combined with the experimentally deter-
mined E1s, the 1s−2p separation at 80 K can be calculated: ΔE
= E2p − E1s = 290 meV. Similarly, based on the 2D hydrogenic
model, the Eb at 80 K is determined to be 326 meV, slightly
higher than the room-temperature value (by 10 meV or 3.5%).
The small difference could be related to the temperature
dependence of the electronic band structure and the associated
change in the dielectric constants. For instance, in GaAs, the
refractive index increases slightly with temperature, which
contributes partially to the slight reduction in the Eb between
the very low temperature and 300 K.32 The subtle temperature
effect of the hybrid requires further studies.
The strong excitonic binding of the corresponding 3D β-

ZnTe(en)0.5 derives from its excellent artificial superlattice
structure, where the molecule serves as electronic confinement
barriers and dielectric screening modulators that reduce
Coulomb interaction screening.9,13 This structural character-
istic endows the corresponding 3D hybrid system with key
electronic properties of a 2D system, including the strong
quantum confinement of both electrons and holes to the
inorganic region and strong exciton effect.9,33 By synergistically
combining electronic confinement and dielectric screening
modulation, β-ZnTe(en)0.5 achieves orders-of-magnitude high-
er Eb than inorganic ZnTe, in a 3D framework.9 Its Eb is even
comparable to those found in low-dimensional semiconduc-
tors, e.g., atomically thin TMDs, or 1D carbon nanotubes.
Moreover, although conventional 3D semiconductors tend to
exhibit a positive correlation between the Eb and Eg,

34 β-
ZnTe(en)0.5 has a much larger Eb than those with even much
larger Eg, such as diamond (Eb = 80 meV/Eg = 5.5 eV)

35 and
AlN (Eb = 57 meV/Eg = 6.1 eV).

36 This feature indicates that
the wide band gap is not the key factor for the large Eb of β-
ZnTe(en)0.5.
The corresponding experimental verification of a large Eb in

β-ZnTe(en)0.5 holds significant importance. The exciton in β-
ZnTe(en)0.5 should be viewed as a 2D-like Wannier−Mott
exciton, similarly to the cases of those monolayer TMDs,
rather than a Frenkel exciton, because the electronic wave
functions on the inorganic sheets are extended with dispersions
similar to those of bulk ZnTe.9 This character makes the giant
Eb value much more remarkable. Beyond this, it demonstrates
that the organic−inorganic hybrid strategy can profoundly
enhance the Eb of a 3D narrow-band gap semiconductor. The
degree of enhancement achieved here is difficult to realize in
conventional inorganic semiconductors through typical
quantum confinement approaches. For example, only a modest
enhancement in Eb can be achieved in an inorganic superlattice
like GaAs/AlGaAs.8 For the past two decades, planar quantum
wells, e.g., GaAs multiple quantum wells, have been utilized for
universal polaritonic platforms for generating polariton
condensates.37,38 However, their relatively small Eb values
necessitate extremely low operating temperatures for exciton
devices. To develop ultralow-threshold coherent light sources
and energy-efficient integrated polaritonic devices operating at
room temperature, it is pivotal to explore room-temperature
exciton devices and polariton condensate devices.12 Based on
our experimental investigation, due to the large Eb of β-

ZnTe(en)0.5 against thermal fluctuation, the corresponding
organic−inorganic hybrid 3D semiconductor is a very
attractive candidate for these applications.
Finally, it is necessary to discuss the limitations of the 2D

hydrogenic model in estimating the Eb of β-ZnTe(en)0.5. We
are aware that neither the 3D nor 2D hydrogenic model can
accurately describe its excitonic states. Comparatively, the 2D
hydrogenic model likely can offer a better estimate for the Eb
than the 3D model due to the highly confined nature of the
band edge state wave functions along the organic−inorganic
stacking direction. The ideal 2D model assumes (1) isotropic
in-plane electronic dispersion, (2) a single pair of the
conduction and valence bands, and (3) a uniform in-plane
dielectric environment and no dielectric screening along the
out-of-plane direction. The complexity in the band structure
and strong anisotropy in electronic dispersion and dielectric
response of this biaxial crystal β-ZnTe(en)0.5 make the
hydrogenic model obviously an overly simplified one.9 The
relatively large line width in the 2P−PLE profile, particularly
nearly independent of the temperature, suggests that the
supposed “2p” peak could include the contributions of various
excited states as a result of the complex excitonic energy
spectrum. The complexity could result in an elevated E1s.

6,27

Consequently, the actual 1s−2p separation ΔE accounts for a
smaller fraction of Eb than that in the ideal case, i.e., ΔE/Eb <
8/9. The large Eb indicates that the exciton wave function
includes the contributions from a large region of the k space in
the Brillouin zone,9 which can lead to a more complex exciton
spectrum than that of a hydrogenic model. Ideally, one should
perform a rigorous theoretical modeling by solving a GW-
based Bethe−Salpeter equation to obtain the excitonic
spectrum of the hybrid, as has been done for monolayer
TMDs,6 and to interpret the two-photon absorption results,
then extrapolate the quasiparticle band gap. Unfortunately,
because of the much larger unit cell of the hybrid semi-
conductor (32 atoms/unit cell), the calculation is very
challenging even with the most advanced computational
approach.39

Given that the primary motivation of this investigation is to
validate that the hybrid structure indeed exhibits a large Eb
against thermal fluctuation at room temperature for its
potential room-temperature applications, a conservative assess-
ment is to take the experimentally measured 1s−2p separation
(280 meV at 300 K or 290 meV at 80 K) as a lower-bound
value of Eb without invoking any specific model. Nevertheless,
applying a hydrogen model could give a semiquantitative
estimate for the actual Eb. The discrepancy between the
estimated Eb values by the 2D and 3D hydrogenic model could
be roughly viewed as the uncertainty range. To achieve a more
accurate determination of Eb, further theoretical studies based
on our experimental results are required in the future.

■ CONCLUSIONS
In conclusion, this work has experimentally probed the exciton
ground state (1s) and excited state (2p) in β-ZnTe(en)0.5 by
complementary linear and nonlinear optical methods. The
experimental results reveal a 1s−2p separation of 280 meV
(290 meV) at 300 K (80 K), which represents a major
contribution to Eb, strongly supporting the prediction of a
strong exciton effect in the corresponding hybrid semi-
conductor. One can directly take the corresponding 1s−2p
separation as an estimation of Eb, or estimate the Eb based on
the hydrogenic model. Applying the 2D hydrogenic model
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yields Eb = 315 (326) meV at 300 K (80 K). Despite the
oversimplification nature of the 2D hydrogenic model, it is
reasonable to conclude that the Eb in this hybrid structure
exceeds 300 meV. The strong excitonic binding in 3D β-
ZnTe(en)0.5 originates from the synergistic effect of electronic
confinement and dielectric screening modulation. The
corresponding Eb ranks among the highest reported levels for
known 3D semiconductors, rivaling those of typical 2D
systems. The experimental determination of Eb in β-ZnTe-
(en)0.5 not only contributes to a deeper comprehension of
excitonic behavior in such an organic−inorganic hybrid
semiconductor but also offers critical insights for advancing
theoretical investigations. This work lays the ground for the
next step to explore the exciton-polariton properties at room
temperature for quantum informatics-related applications.

■ EXPERIMENTAL SECTION
The samples of β-ZnTe(en)0.5 were synthesized following reported
literature procedures.13,23 Raman spectra were measured under a
backscattering configuration at 300 K with a JobinYvon HR800
Raman system equipped with 1800 grooves/mm gratings, coupled
with a liquid-nitrogen-cooled charge-coupled device (CCD) and a
100× objective (numerical aperture = 0.90). The Eex was 1.96 eV
from a He−Ne laser. After the intrinsic and uniform β-ZnTe(en)0.5
sample area was identified using Raman spectroscopy, the measure-
ment location was fixed to avoid any influence caused by the
roughness at the sample edges. The 1P−PL and 2P−PL were
obtained using a SmartRaman confocal micro-Raman module
(Institute of Semiconductors, Chinese Academy of Sciences) coupled
with a Horiba iHR550 spectrometer. This PL system is equipped with
an air-cooled CCD and two gratings with groove densities of 1800
and 100 grooves/mm. A 74× reflective objective lens was used to
collect the emission signal. A fs-Ti:sapphire Laser operating at an 80
MHz repetition rate was used to provide the required excitation
pulses. The 2P−PL spectra at 80 K were also measured in a liquid-
nitrogen-cooled cryostat (Janis ST-500).
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