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ABSTRACT

We report on the observation of lasing in cuprous iodide (CuI)

microwires. A vapor-phase transport growth procedure was used to

synthesize CuI microwires with low defect concentration. The crystal

structure of single microwires was determined to be of zincblende-type.

The high optical quality of single microwires is indicated by the observed

series of excitonic emission lines as well as by the formation of gain

under optical excitation. Lasing of triangular whispering-gallery modes

in single microwires is demonstrated for fs- and ns-excitation from

cryogenic temperatures up to 200 K. Time-resolved micro-

photoluminescence studies reveal the dynamics of the laser process on

the time scale of several picoseconds.

Cuprous iodide (CuI) is a wide bandgap semiconductor which has gained

interest in the last few years due to its possible application as a

transparent conductive material. Specifically, zincblende-type γ-CuI,

with direct bandgap energies of 3.115 eV at 4 K and 2.95 eV at 300 K,  is of
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great interest due to its transparency in the visible spectral range, its

intrinsic p-type conductivity, and its high hole-mobility of up to 43 

cm /V s.  Therefore, CuI is well suited as a p-component in

optoelectronic devices, i.e., as a collection layer for holes in solar cells

and in transparent p-n-heterojunctions.  Micro- and nanostructures of

p-type CuI can be complementary building blocks in compact integrated

optoelectronic circuits and devices. In particular, the intense

photoluminescence (PL) in the near ultraviolet (NUV) range and the high

exciton binding energy of 62 meV support the applicability of CuI in

optoelectronic devices.  However, the synthesis of CuI micro- and

nanostructures and their optical properties are almost unexplored in

contrast to other compound semiconductors like zinc oxide (ZnO),

cadmium sulfide (CdS),  gallium nitride (GaN),  and gallium arsenide

(GaAs).

The aim of this work is to present CuI microstructures as potential

candidates for future optoelectronic applications. We applied a vapor-

phase transport growth process in order to synthesize high quality

microstructures of CuI, characterize their morphology and crystal

structure properties, and demonstrate their outstanding ability to act as

a laser under optical excitation. The temperature limit of the lasing

process in single microwires will be investigated. Using the time-

resolved micro-photoluminescence μ-PL technique, the dynamics of the

lasing emission of single microwires is investigated in order to reveal

information about the underlying decay process.

Cuprous iodide microwires with diameters in the range of (0.5–50) μm

and lengths up to several millimeters were synthesized using a vapor-

phase transport growth procedure, similar to the process presented by

Goto et al.  The source materials 0.58 g CuI (99.995%, Carl Roth) and 1.22 

g iodide (99.5%, Alfa Aesar) were filled into a glass tube (a diameter of 3.5 

cm and a length of 25 cm). After cooling the mixed solid powders in liquid

nitrogen, the glass tube was evacuated to a pressure of <10  mbar and

subsequently sealed. The growth of CuI microwires took place in a three-

zone-furnace with a linear temperature profile between 250 °C and 450 

°C. The glass tube was kept in the furnace for 4 weeks at an inclination

angle of . The largest amount of microwires was found in the central

part of the glass tube. Scanning electron microscopy (SEM) was used to

examine the morphology and structural properties of single microwires.

X-ray diffraction (XRD) patterns were recorded in order to study the

crystal structure of CuI microwires. The chemical composition was

examined using energy dispersive X-ray spectroscopy (EDX) equipped in
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the SEM system. For subsequent spatially resolved PL investigations, the

microwires were transferred onto a clean SiO /Si substrate using an

acupuncture needle. The thermally grown low refractive index SiO -layer

(thickness of 1.5 μm, n  = 1.47 at 3.0 eV photon energy) causes a

reduction of leakage of the electromagnetic field into the substrate.

The substrate with the microwire samples was mounted either in a

helium bath cryostat with a sample temperature of 2 K or in a helium

flow cryostat in order to perform temperature dependent

measurements in the range of (14–300) K. A frequency doubled titanium-

sapphire (Ti:Sa) laser (λ  = 364 nm, t  = 200 fs, and f  = 76 MHz) was

used as an excitation laser for time-integrated as well as time-resolved

PL measurements at 2 K and at low excitation densities. The PL was

spectrally dispersed by a spectrometer (focal length of 320 mm, 2400

lines/mm) and guided either to a CCD camera (spectral resolution of 0.3 

meV) or to a time-correlated single-photon counting setup with a time

resolution of 20 ps (details can be found in Ref. 19). For μ-PL

measurements at high excitation densities, a frequency mixed Nd:YAG

laser (λ  = 355 nm, f  = 100 Hz, and t  = 10 ns) and the fs-pulsed Ti:Sa

laser were used. The laser beam was focused by a 50× microscope

objective to a spot size of (10–50) μm  for the non-resonant excitation of

single microwires. The PL was collected by the same objective, dispersed

by a spectrometer and guided either to a CCD camera (spectral

resolution of 0.5 meV) or to a streak camera (Hamamatsu C5680) with a

time resolution of 2 ps. A variable attenuator was used to adjust the

excitation density. The laser power was measured using a calibrated Si

diode power meter.

The analysis of the morphology of zincblende-type CuI indicates

different growth kinetics, as already shown by Grundmann et al.  It was

found from SEM investigations that larger microwires often exhibit a

belt-like shape (see Fig. S1 in the supplementary material). However,

smaller microwires crystallize symmetrically to the wire axis and exhibit

a rounded triangular cross-section. Figures 1(a) and 1(b) show the SEM

images of an exemplary CuI microwire with triangular shape. This

microwire has a length of 49 μm and an approximate diameter of 4.0 μm.

The microwire surfaces are smooth and free of any apparent defects. The

chemical composition of several single microwires with different cross-

section dimensions was analyzed using the EDX technique. The EDX

spectra (see Fig. S2 in the supplementary material) reveal the

stoichiometric ratio Cu/I ≈ 1∕1. X-ray diffraction measurements (see Fig.

S3 in the supplementary material) prove that the microwires crystallize
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in the zincblende structure (γ-CuI). XRD patterns, taken from a side facet

of a belt-like microwire, yield the [111]-orientation of zincblende CuI.

However, a detailed analysis of the different growth kinetics of the

presented microwires is still pending.

FIG. 1.

(a) SEM image of a CuI microwire with

a length of 49 μm and a diameter of

around 4.0 μm. The high resolution

SEM image in (b) was taken at a tilt

angle of  and reveals a rounded triangular microwire cross-section.

(c) The PL spectra (Ti:Sa, P  = 0.3 nJ/cm ) at a temperature of 2 K

exhibit a series of excitonic emission lines. The energies of the

labeled transitions are listed in Table I. Time-resolved PL

measurements reveal the respective decay times [blue squares in

(d)]. Black arrows represent the energy spacing between an

emission line and its LO-phonon replica.

 PPT | High-resolution

The PL measurements at low excitation density and 2 K substrate

temperature were performed on six microwires; therefore, both belt-

like and triangular microwires have been investigated. All microwires

exhibit similar emission characteristics; however, the PL signal from

triangular microwires is less intense because of the smaller volume.

Figure 1(c) shows the PL spectra from a belt-like microwire with a length

of 865 μm and cross-section dimensions of 17.9 μm × 3.8 μm (SEM image is

shown in Fig. S1 in the supplementary material) for an excitation density

of P  = 0.3 nJ/cm  (1.7 kW/cm ). The observed excitonic transitions are

listed in Table I. The distinct peaks at 3.0662 eV and 3.0596 eV can be

assigned to the longitudinal free exciton (FX ) and the transverse free

exciton (FX ), respectively.  The energy spacing of 6.6 meV fits quite

well to the known L-T-splitting energy in CuI.  A direct comparison of

the transitions at lower energies with literature data is rather difficult

due to strongly varying emission characteristics depending on the

growth conditions, strain, and electronic and structural defects.  A

strong emission in the energy range of the most intense lines D and E

was also observed by Vereshchagin et al.  and was assigned to shallow

neutral acceptor transitions. Sauder and Certier  ascribed an intense

line in the energy range of the observed emission line H to the emission
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of excitons bound to neutral acceptors originating from surface near

copper vacancies. Note that the emission energy of the bound excitons

changes slightly along the microwire axis (maximum deviation of 6 meV

for the line H). This might be due to the irregular defect incorporation

during the growth process. The decay characteristics of the individual

excitonic emission lines were investigated with a time-correlated single-

photon counting setup. The characteristic decay times were evaluated by

modeling a mono-exponential decay. In the energy range close to the

free excitons, the emission decays with a decay time of around (64 ± 30)

ps. With increasing binding energy of the bound excitons, the decay time

increases and reaches a value of (680 ± 80) ps for the emission line E. The

assigned phonon replica (E  ≈ 18.0 meV) of the transitions D, E, and H

showed similar dynamics to the respective zero-phonon-lines.  In

contrast, the emission lines I and J, which might be the 2-LO-phonon

replica of the lines D and E, exhibit significantly shorter decay times

compared to the respective zero-phonon-lines. This could be artificially

caused by the spectral overlap with the intense adjacent transitions H

and H-1LO which have a decay time of approximately 410 ps. Hence, the

origin of the lines I and J remains unclear.

TABLE I. Emission lines and the respective decay times

obtained from a CuI microwire at 2 K.

Excitation density dependent μ-PL measurements were performed on

microwires with triangular cross-section. Their smaller dimensions lead

to a less pronounced absorptive lasing mode suppression, which is

induced by the spatially inhomogeneous excitation and the limited

carrier diffusion length.  Figure 2(a) shows the temperature dependent

μ-PL spectra from the microwire shown in Fig. 1, at low (dashed lines) and

high (solid lines) excitation densities using the ns-pulsed Nd:YAG laser.

For low excitation density at 14 K, the emission from bound excitons (C-,

D-, E-, and H-bands) and their LO-phonon replica can be observed.

Furthermore, an additional band appears in the energy range of (3.025–

3.031) eV. This band most likely originates from inelastic exciton-exciton

scattering (P-band), where the radiatively decaying exciton emits a

photon and scatters another exciton into a higher excited state.  Tanaka

and Nakayama  demonstrated the P-band-correlated optical gain of

∼400 cm  in CuI thin films using the stripe length technique and studied

the accompanied stimulated emission. With increasing excitation

density, bound exciton related emission saturates. At a certain excitation
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density, narrow emission lines appear in the spectral vicinity of the P-

band emission. These narrow lines were observed up to a temperature of

200 K for an excitation density of 460 kW/cm  [solid lines in 2(a)]. Above

this critical temperature, a dramatic decrease in PL intensity was

observed. With increasing sample temperature, the P-band becomes less

pronounced at low excitation density and vanishes at around 150 K. This

might be caused by the ineffective scattering of excitons at higher

temperatures. As a consequence, P-band correlated gain and thus the

lasing process break down above a critical temperature. The excitation

density dependent μ-PL spectra at 200 K, using the fs-pulsed Ti:Sa laser

as the excitation source, are shown in Fig. 2(b). They clearly demonstrate

the transition from broad spontaneous emission to stimulated emission

from narrow modes. In order to prove lasing action of single microwires,

the input-output characteristic was analyzed. Figure 2(c) depicts the

integrated μ-PL intensity of a lasing mode as a function of the excitation

density. The double-logarithmic plot shows a distinct S-shaped

characteristic which represents the threshold behavior of the lasing

transition. The lasing threshold density P  = 300 μJ/cm  was determined

by modeling the excitation density dependent integrated μ-PL intensity

with a multimodal laser approach.  Below P , the emission intensity

increases linearly with the excitation density. In the threshold regime,

the slope becomes strongly nonlinear and tends to saturate in the lasing

regime. This observation clearly demonstrates lasing in the investigated

microwire. Overcoming a further threshold at around 650 μJ/cm , the

mode intensity declines reversibly due to the enhancement of modes at

lower energies [data shown in dark green in Figs. 2(b) and 2(c)]. Note that

we confirmed lasing at temperatures up to 200 K for several individual

microwires with triangular cross-section.

FIG. 2.

(a) The μ-PL spectra (Nd:YAG, P  = 

460 kW/cm ) from the triangular

microwire using ns-excitation reveal a

stable lasing process for temperatures

up to 200 K (solid lines). The respective μ-PL spectra below the lasing

threshold (P  ∼ 0.1P  are depicted as dashed lines. (b) Excitation

density dependent μ-PL spectra (Ti:Sa) from the same microwire

using fs-excitation reveal a transition from broad spontaneous

emission to emission from narrow modes at 200 K. (c) Double-

logarithmic plot of the integrated μ-PL intensity of a lasing mode in

dependence on the excitation density indicates a lasing threshold
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density P  ≈ 300 μJ/cm . The filled squares correspond to the

spectra in (b). The inset in (c) sketches different types of possible

resonant modes in the triangular microwire geometry [green: Fabry-

Perót modes (FPM) and red and blue: first- and second-order

triangular whispering-gallery modes (3-WGM, 2 × 3-WGM),

respectively]. (d) The experimentally deduced mode positions at 200 

K (black squares) compared to theoretical mode positions of FPM

(green circles), 3-WGM (red triangles), and 2 × 3-WGM (blue

triangles) for a CuI microwire with a dimension l = 3.16 μm and a

refractive index n = (2.472…2.550) obtained from spectroscopic

ellipsometry measurements on a CuI thin film (see Fig. S4 in the

supplementary material).

 PPT | High-resolution

The spectral mode positions were analyzed in order to deduce the

dominant mode type of the microwire cavity. Figure 2(d) depicts the

experimentally observed mode positions at 200 K. The data were

extracted slightly below P  [dark gray curve in Fig. 2(b)]. The mode

spacing increases significantly from around 4.8 meV to around 13.6 meV

with decreasing mode energy. For the triangular microwire, we assume

three different types of lateral lasing modes: Fabry-Pérot modes (FPM)

and triangular whispering-gallery modes (WGM) of first- (3-WGM) and

second order (2 × 3-WGM), as depicted in the inset of Fig. 2(c). A Fabry-

Pérot cavity model (green) does not fit the mode positions. A plane wave

model for TE-polarized WGM in triangular cavities (analogous to

hexagonal cavities by Wiersig ) predicts

(1)

Here, h is Planck's constant, c is the vacuum speed of light, n is the

energy dependent refractive index, L is the resonator length, N is the

interference order, and m is the number of total internal reflections. For

first- and second-order triangular modes, we find L  ≈ 3l, m  = 3 and L  

≈ 6l, m  = 6, respectively. From spectroscopic ellipsometry

measurements of a CuI thin film (see Fig. S4 in the supplementary

material), we obtained the refractive index n = (2.472…2.550) in the

spectral range of the observed lasing emission. The predicted mode

positions for 2 × 3-WGM fit the experimentally determined values quite

well, as can be seen in Fig. 2(d). Here, a microwire dimension l = 3.16 μm

was used, which corresponds well to the SEM data. These findings
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indicate strongly that the triangular microwire acts as a whispering-

gallery type resonator for second-order triangular modes. The slight

deviations in the vicinity of the exciton resonance might arise from the

differences between the refractive indices of the measured thin film and

the microwires.

The dynamics of the microwire lasers was investigated in the

temperature range of (14–200) K using a streak camera. Figure 3(a) shows

the time-resolved spectra of the lasing emission from the microwire for

an excitation density of 2.5P  at 14 K. The transient of the most intense

lasing mode is shown in Fig. 3(b). Modeling the decay of this lasing mode

with a mono-exponential function yields the characteristic decay time τ

= (6.7 ± 2.0) ps in the lasing regime. Upon variation of the excitation

density from P  to 2.5P , τ  fluctuates statistically in the range of (3.5–

8.5) ps independent of the sample temperature. The small decay time τ

reflects the ultrafast recombination after the strong excitation pulse.

Ichida et al.  studied the optical gain in CuI thin films and determined a

similar decay time of 8 ps under high optical excitation. They ascribed

this fast recombination process to an effective scattering of excitons (P-

band). The emission energy and the slight red-shift for higher excitation

densities agree with the results found here. However, the formation of an

electron-hole-plasma would also cause sufficiently high gain to

overcome the resonator losses, evoke a red-shift with increasing

excitation density, and cause similar characteristic decay times in the

lasing regime, like in other semiconductors.  Hence, further

investigations are necessary to understand the gain mechanism of the

observed lasing in CuI microwires.

FIG. 3.

(a) Time-resolved μ-PL spectra from

the triangular microwire at 14 K (Ti:Sa,

2.5 P . Note the logarithmic color

scale. The dashed white line indicates

the impingement of the excitation

laser pulse. (b) Normalized transient of the most intense lasing mode

extracted at the energy 3.0185 eV (indicated by the black dashed line

in (a)) exhibits the characteristic decay time τ  = (6.7 ± 2.0) ps.
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microwires by applying a vapor-phase transport growth procedure.

Their outstanding optical properties constitute in a series of excitonic

emission lines at low excitation density conditions. Time-resolved PL

measurements at 2 K revealed the decay times of individual free and

bound excitons. We demonstrated the observation of lasing of second-

order triangular modes in CuI microwires with triangular cross-section

for ns- and fs-pulsed laser excitation with threshold densities of 400 

kW/cm  and 300 μJ/cm  (1.5 GW/cm ), respectively. We showed that the

lasing process is stable up to a temperature of 200 K. The lasing emission

was observed in the energy range where the exciton-exciton scattering

related P-band is expected. The dynamics of the microwire lasing

emission was investigated for different temperatures as well as

excitation densities and revealed a characteristic decay time τ  = (3.5–8.5)

ps.

See supplementary material, which contains the experimental results of

the EDX, XRD, and ellipsometry measurements as well as a description of

the respective techniques.
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