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Abstract 

Cadmium iodide nanocrystals are grown and doping defect and quantum-confinement effects in optical susceptibility in the 

nanocrystals are investigated. The nanomaterials with various crystal sizes are pumped with intense laser beams. This pump-

probe experiment probes the doubled-frequency second harmonic generation (SHG). The second–order optical susceptibility 

is calculated from the experimentally measured SHG intensity. The results show that a significant enhancement in the optical 

susceptibility is achieved in nanomaterials with moderate doping.  However, bulk and intrinsic crystals show no considerable 

SHG effect. The results were discussed within models of the impurity induced metallic-aggregators and photoinduced electron-

phonon anharmonic interactions.  
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1. Introduction 

     Because the progress of photonics and optoelectronics 

has been built on the optical nonlinear properties of 

materials, optical nonlinear materials have been investigated 

from the point of view of nonlinear quantum processes and 

their potential in applications in photonics such as optical 

switching, transmission, optical communications, 

amplification and optical power limiting, optical filters or 

sensor protections [1]. 

     Multiphoton spectroscopy [2], multiphoton spin 

spectroscopy [3] and the second harmonic generation (SHG) 
[4] in materials have widely been used to study the higher-

order optical nonlinear processes. Of them, the SHG is an 

important technique to investigate the nonlinear optical 

processes, particularly, the surface effects of a material. As 

the surface-to-volume ratio of a material in nano-structures 

is larger than that in the bulk, the surface effects of the 

nonlinearities play a vital role in nanomaterials. 

     Because the SHG is prevented by symmetry in a 

centrosymmetric material, one needs to form 

noncentrosymmetric process in order to observe the SHG. 

However, there are some possibilities of breaking this 

property by means of inducing the noncentrosymmetricity in 
the crystals [5,6]. For example, this property is generally 

broken at the surface of a material since that region no longer 

presents an inversion centre. This very special property is 

what enables second-order nonlinearities to be so effective 

for surface and interface measurements. Likewise, any other 

mechanisms that break the symmetry, such as an electric 

field/mechanical stress, inserting suitable impurities into the 

crystal, reducing the size of the crystals, or lowering the 

crystal temperature, may also allow a second-order signal to 

be produced for the observation of the SHG [7,8]. 

     Cadmium iodide (CdI2) single crystals are indirect and 

wide-band gap semiconductors having layered structure [7]. 

Bulk crystals CdI2 are symmetric. Recent research records in 

the literature show that bulk CdI2 process higher-order 

optical nonlinearities [9-12]. The band structure calculations 

of the CdI2 crystals have also shown a large anisotropy in the 
space charge density distribution causing high anisotropy in 

the corresponding optical spectra. The anisotropic behaviour 

of the CdI2 crystals favours the local noncentrosymmetry 

[7,13]. It makes CdI2 nanocrystals promising and motivates 

the present research.  

     A preliminary study was conducted on the photoinduced 

SHG in copper-doped cadmium iodide single crystals [14], 

where they found the maximum SHG effect for the copper 

content of about 0.4%, but they did not systematically study 

the doping dependence. The photoinduced electron-phonon 

anharmonic interactions in the copper-doping responsible 

for the enhanced SHG effect were explored in [4]. It was 
shown that the local hyperpolarizability for the copper 

aggregates as well as the corresponding nonlinear 

susceptibility played the crucial role in the SHG effect in 

centrosymmetric systems. Recently, we experimentally 

introduced novel processes of inducing the 

noncentrosymmetricity in centrosymmetric nonlinear 

optical nanocrystal systems [8], where the involvement of 

the interlayer phonons for the photoinduced electron-phonon 

anharmonic interactions was also confirmed by the 

observation of the low-frequency phonon modes in Raman 

spectrum. In this paper, the power dependence as well as the 
intrinsic and thick crystals were not studied. Here, in the 
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present study, we include these and extend our investigation.  

The output SHG signal is measured from the crystals with 

various sizes and doping, pumped with an intense laser with 

different powers. The second–order optical susceptibility is 

calculated from the measured SHG signal. A significant 

enhancement in the optical susceptibility is achieved in the 

thin nanocrystals compared to that in the intrinsic or thick 

crystals. We then explore the doping defect and nano-

confined effects in the optical susceptibility of the materials. 
This is the first report on such study. 

2. Experimental  

     Copper-doped cadmium iodide (Cu-CdI2) nanocrystals 

were synthesized from the mixture of cadmium iodide (CdI2) 

and cuprous oxide (CuI) using a standard method [15]. 

Structure was monitored using the Ultima IV X-ray 

diffractometer and tunnelling electron microscope. The 

grown nanocrystal sizes were from sub-nm to 100 nm. The 

optical bandgap (Eg) of the crystals was estimated from an 

indirect-type transition and from fittings to the low and high 

wavelength regions of the absorbed photon energy curve and 
using the relation for the indirect Eg [16]. The average value 

of Eg was found to be 3.65 eV. The investigations were 

performed at pump-probe conditions and at low 

temperatures by mounting the samples in a temperature-

regulated cryostat. We used an Nd laser as a fundamental 

laser for the SHG measurements. The laser generates ps 

pulses (of average peak power of 15 mW) having a repetition 

rate of 80 Hz. The output SHG signal at 530 nm and the 

fundamental signal at 1064 nm were spectrally separated by 

a monochromator showing spectral resolution of about 5 nm 

mm-1. Detection of the doubled-frequency (within green 
spectral region) output SHG signal was performed by a 

photomultiplier equipped with an electronic boxcar 

integrator for registration of the output.  A scheme of the 

experimental setup, similar to that in [4], is shown in Figure 

1.  

 
 

Fig.: 1. A scheme of the experimental setup for the measurements. The 

fundamental light beam goes to the sample through the polarizer and lens. 

It is then spectrally separated by a monochromator for the detection by a 

photomultiplier (Detector) equipped with an electronic boxcar integrator. 

 

The second-order susceptibility
(2)  for samples with 

different thickness T was calculated from the experimentally 

measured SHG using the following expression for the SHG 

intensity [4]: 
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where R is the radius of the pumping beam which possesses 

a Gaussian-like form, T is the length of the nonlinear 

medium (thickness of the crystal), μ0 and 0  are the static 

(low-frequency) values of the magnetic permeability and the 

electric permittivity respectively, n(ω) and n(2ω) are the 

refractive indices for the pumping and the SHG doubled 

frequency respectively, and  
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where (2 ) 2 ( )k k k     is the phase matching wave 

vector defined by optical birefringence. 

3. Results 

The doubled-frequency SHG signal as a function of the 

time delay between the pump and probe is shown in Fig. 2. 
This delay dependence in the second harmonic signal shows 

a relatively large relaxation time, which demonstrates the 

principal role of long-lived electron–phonon states in the 

observed effects.  This can be explained within a model of 

the photo-induced electron-phonon anharmonicity [4], 

where the relaxation time for the nanolayers should be larger 

than for the strong localized electron–phonon states due to 

the nanosize-confined effect. 
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Fig. 2: SHG signal as a function of the time delay between the pump and 

probe beams for a 0.6% copper-doped nanocrystal with thickness 3.5 nm. 

 

     Figure 3 shows the pump power (P) dependence of the 
second harmonic signal for various thicknesses of the 

nanocrystals at liquid nitrogen temperature. As can be seen, 

the signal increases with decreasing the thickness T of the 

nanocrystals. This dependence shows a beginning of slight 

preserved and is increased before reaching the value a little 

higher than the background signal. The background signal is 

obtained for the intrinsic CdI2 crystals or the bulk. However, 

a significant enhancement in the signal occurs for the 

thinnest nanocrystals at a power of 24 GW/m2. The 

secondary maximum seems to be shifted in the higher pump 

power with decreasing thickness of the nanocrystals. The 

qualitative and quantitative changes that occurred for the 
thinner nanocrystals correspond to the manifestation of the 
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quantum-confined excitonic levels perpendicularly to the 

layers.  

 

P (GW/m
2
)

1 5 7 8 10 15 20 24 30 35 40 45 50

I 
(a

. 
u
.)

0

5

10

15

20

25

30

3.5 nm

6 nm

12 nm

Bulk

 
 

Fig.3: SHG signal as a function of pumping power. The background signal 

is for the bulk crystal (green bars). 

 

     The second-order susceptibility as a function of the 

nanocrystal size and copper-impurity content was calculated 

and was plotted in Fig. 4. As can be seen, the susceptibility 

increases with decreasing crystal size. It also shows that with 

increasing impurity content up to ~0.6% it significantly 
increased and with a further increase it decreased. However, 

the impurity dependence for a nanocrystal displays a fashion 

which can be modelled by a Gaussian-type function.  
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Fig.4: Second-order susceptibility as a function of the size and impurity 

content of the crystals. The background signal is for the intrinsic crystal 

(black bars). 

 
 

Figure 5 shows the second-order susceptibility as a function 

of the size of thick crystals. As can be seen, the susceptibility 

for the crystal sizes larger than T = 250 nm gives the value 

at the background level (0.355 pm/V). Therefore, the size T 

> 250 nm may be identified as the bulk here. Bulk and 

intrinsic crystals show no considerable second harmonic 

effect. 
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Fig. 5: Second-order susceptibility as a function of the size of thick crystals 

(with impurity content of 0.6%). Bars show the deviations from the average.  

 

     The insertion of the impurities favours a stronger local 

electron-phonon interaction, particularly its anharmonic 

part, through the alignment of the local anharmonic dipole 

moments by the pumping light [17]. Since the local electron-

phonon anharmonicity is described by third-order rank 

tensor in disordered systems, the second harmonic is very 
similar to that one introduced for the third-order nonlinear 

optical susceptibility. It has been confirmed by observing the 

large photoluminescent yield of the intrinsic CdI2 crystals 

[18], where the photoluminescence dependence was around 

three orders of magnitude in power density indicating that 

the nonlinear response is due to a third-order process. 

     It can be seen that the second-order susceptibility 

decreases for relatively higher impurity content, and for the 

concentration higher than ~1% it reduces almost to that of 

the intrinsic or pure CdI2 crystals. This decrease of it with 

increasing impurity content are caused by aggregation of the 
copper impurities is typical of such kinds of layered crystals. 

This defect-assisted effect can be understood in terms of the 

impurity induced metallic-aggregators that formed in the 

process [5,7,19]. The formation of the metallic aggregators 

favours a reduction in the active electron–phonon centres, 

effectively contributing to the noncentrosymmetry of the 

output charge density as well as lead to the occurrence of 

metallic clusters which additionally scatter light, and 

consequently, suppresses the effect at higher impurity 

content through the limitation of the enhancement of the 

local hyperpolarizability for the aggregators as well as the 

corresponding nonlinear dielectric susceptibility [20,21].  
     Thinner nanocrystals are also found to significantly 

enhance the effect inducing the noncentrosymmetricity in 

the crystals. The larger surface-to-volume ratio of the 

nanomaterial plays an important role in the observed effect, 
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as the SHG probes the surface effects of the material. Here, 

in these optical processes, quantum confinement dominates 

the material’s optical properties [22,23]. The nanometer-

sized crystals or nanocrystals take into account the nano-

sized quantum-confined effect or nano-confined effect, 

where k-space bulk-like dispersion disappears and discrete 

excitonic-like nanolevels occur within the forbidden energy 

gap of the manomaterial exhibiting optical nonlinearities 

[24,25].  

4. Conclusions 

     Cadmium iodide nanocrystals were investigated using a 

pump-probe experiment. The experiment probed the 

doubled-frequency SHG. The second–order optical 

susceptibility was calculated from the experimentally 

measured SHG data. A significant increase of the optical 

susceptibility was achieved. However, bulk and pure crystals 

showed no considerable SHG effect. The observed results 

demonstrated the copper doping and nano-sized quantum-

confinement effects in optical susceptibility in the materials. 

The results were discussed on the basis of the impurity 
induced metallic-aggregators and photoinduced electron-

phonon anharmonic interactions.  
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