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Abstract: The linear and nonlinear optical properties of phosphorous-doped Si/SiO2 
multilayers as a function of doping concentration were investigated. It was found that the 
linear optical absorption became weak with the doping concentrations while the 
corresponding nonlinear optical absorption coefficient was reduced by 4 folds after 
phosphorus doping. Our experimental results demonstrated that the interface states were 
passivated by the phosphorus dopants which changed the chemical environment of the Si 
nanoclusters and in turn affected both the linear and nonlinear optical processes. The 
excitation-wavelength dependent nonlinear optical behaviors also supported our proposed 
model. It was suggested that the linear and nonlinear optical properties can be tunable via 
controlling the phosphorous doping concentrations which provided a new approach to 
improve the performance of nano-Si-based photonic devices. 
© 2017 Optical Society of America 

OCIS codes: (190.4720) Optical nonlinearities of condensed matter; (160.4236) Nanomaterials; (230.4170) 
Multilayers. 
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1. Introduction 

Nonlinear optical properties of nanocrystalline-Si (nc-Si) materials have recently attracted 
great interest due to its large optical nonlinearities, which can be applied in many kinds of Si-
based photonic devices such as optical switch, Raman amplifier and optical waveguide [1–3]. 
The all-optical switch at speeds well above 40 Gbit/s was fabricated based on the nano-Si 
material, but its modulation depth was relative low compared with that based on bulk silicon 
[1]. In order to improve the device performance, it is necessary to enhance the Kerr 
coefficient by controlling the materials structures such as dot size and the chemical 
environment of nano-dots. M. Fujii et al. reported that the nonlinear refractive indices of nc-
Si were strongly enhanced through impurity-doping (phosphorus) due to the impurity-relate 
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states [4,5]. However, the two photon absorption (TPA) was also increased which will 
influence the device performance since the longer free carries effect generated by single or 
two photon absorption will overwhelm the instantaneous Kerr effect, thus lowering the 
switching speed. Moreover, K. Ikeda et al. found that the introduction of midgap localized 
states in Si-based materials can significantly reduce the lifetime of free-carries while the 
corresponding optical loss was enhanced [6], because the induced defect states will increase 
the light scattering and optical loss [1]. In our previous work, the linear and nonlinear optical 
properties of un-doped nc-Si/SiO2 multilayers were systematically studied [7–9]. The 
nonlinear optical behaviors can be explained as the interface state-related two-step absorption 
process and the large nonlinear optical response was observed which was strongly dependent 
on the interface states by changing the nc-Si dot size or post-annealing temperatures [7,8]. 
Doping of nc-Si is another effective way to modify the chemical environment of nc-Si 
surfaces. It was found that phosphorus (P)-dopants can passivate the surface defects such as 
dangling bonds and reconstruct the surface chemical bonds [10–13], which may produce a 
new approach to control the linear and nonlinear optical properties of nc-Si materials. 

In the present work, we employed phosphorous-doping to modify the interfacial condition 
and achieved precise tuning of the linear and nonlinear optical properties of Si/SiO2 
multilayers. The microstructures of Si/SiO2 multilayers after P-doping and high temperature 
annealing were characterized. The nonlinear optical properties were investigated by Z-scan 
technique, and the dependence of nonlinear optical absorption on the P doping concentrations 
as well as excitation wavelength was measured, the tunable nonlinear absorption behaviors 
were obtained. Our results suggested that interfacial environment can be effectively changed 
by the P-doping and will lead to effective suppression of the nonlinear optical absorption. 

2. Experimental 

The phosphorous-doped hydrogenated amorphous Si/SiO2 (P-doped a-Si:H/SiO2) multilayers 
structures with 9 periods were fabricated in conventional plasma-enhanced chemical-vapor 
(PECVD) system, details of preparation condition can be found elsewhere [13–15]. A SiH4 
flow rate was kept at 5 SCCM, while the different P doping concentration in the a-Si layers 
were controlled by varying the gas flow ratio R (R = [PH3] / [SH4]). Here after, we denoted 
the sample prepared by R = 0, 0.2, 1, 2, 3 samples as sample A, B, C, D and E, respectively. 
Then, the as-deposited samples were dehydrogenated at 450 °C for 1 hour, and followed by 1 
hour annealing in pure N2 atmosphere at temperatures 800 and 900 °C. The microstructures 
of multilayers were characterized by cross-sectional transmission electron microscopy (X-
TEM) and Raman scattering spectroscopy. Optical absorbance spectra were estimated 
through Shimazu UV-3600 spectrophotometer and the measured wavelength regions were 
from 300 to 1500 nm. 

The Z-scan technique [16] was applied to measure the nonlinear optical absorption 
coefficients of phosphorous-doped Si/SiO2 multilayers. In this experiment, the excitation 
laser was a mode-locked Ti: sapphire laser (Coherent Libra-HE) with 100-fs pulse duration at 
800 nm, the repetition rate was kept at 1 kHz. The low repetition rate is in favor of reducing 
the thermal accumulative effect [17]. A lens with 20 cm focal length was used to obtain 
Gaussian beam and focused on the samples, the obtained beam waists was about 20 μm. The 
tunable wavelengths were generated by using an optical parametric amplifier (Opera Solo) 
coupled to the Ti: sapphire laser (Coherent Libra-HE). 

3. Results and discussion 

Figure 1(a) is the X-TEM of sample D annealed at 800 °C and the periodic structures are 
clearly identified. It is shown that the high density of nanocluster with average size of 2 nm is 
formed in amorphous Si film. However, the ultra-small dots are still amorphous phase, 
because of no lattice fringes could be observed from its high-resolution TEM (HRTEM). 
Moreover, when the annealing temperature is increased to 900 °C, the small amorphous 
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nanoclusters have crystallized into nc-Si as shown in the Fig. 1(b). The lattice fringes could 
be clearly identified according to the HRTEM (as illustrated in the inset of Fig. 1(b)). 

Figure 2(a) shows the Raman spectra of samples A-E annealed at 800 °C. All samples 
exhibit a broad band around 480 cm−1, which is related to the TO mode of amorphous Si 
phase. The Raman intensity for sample E is the smallest while the Raman intensity of other 
samples is comparable. It looks like that the density of nanocluster is the lowest in sample E. 
Figure 2(b) displays the samples A-E annealed at 900 °C. It is interesting to note that the 
crystallinity can be enhanced with increasing the P concentration. For sample A, a weak 
shoulder at about 517 cm−1 emerges, indicating the existence of crystalline phase. The 
calculated crystallinity in sample A is about 19%. A sharp peak centered at 517.3 cm−1 is 
clearly identified for sample D and E and the corresponding crystallinity for samples D and E 
reach up to 68% and 71%, respectively, which means the crystallization is promoted in 
samples with high P doping concentrations. However, the size of nc-Si dots is not changed 
with increasing the doping concentration due to the limitation of the SiO2 layers, which is 
also confirmed by the X-TEM observations. 

 

Fig. 1. X-TEM micrograph of sample D annealed at (a) 800 °C and (b) 900 °C. Inset is the 
HRTEM of nc-Si. 

 

Fig. 2. Raman spectra of samples A-E annealed at (a) 800 °C and (b) 900 °C. 

Figure 3(a) represents the linear optical absorption spectra of samples A-E after 900 °C 
annealing. It is shown that all optical absorption spectra are quite weak in the near-infrared 
region, while the absorbance rapidly increases when the wavelength is shorter than 500 nm. 
Meanwhile, the optical absorption edge shifts to the high energy with increasing the doping 
concentration, representing the bandgap of Si/SiO2 multilayers enlarges after P-doping. The 
optical bandgaps could be estimated according to the Tauc plots and the optical bandgap is 
2.0, 2.1, 2.3, 2.4 and 2.6 eV for samples A-E, respectively. It was reported previously that the 
grain boundaries may induce the increase of bandgap in the samples with high crystallinity 
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[18]. Meanwhile, introduction of P impurities in nc-Si can promote the oxidation [19], i.e. 
during the annealing process. Therefore, the increase of the Si oxide content could be also 
responsible for the enlargement of the optical bandgap [11], which was observed in our nc-
Si/SiO2 multilayers. 

The optical absorbance at 800 nm as a function of P concentration is plotted in Fig. 3(b), 
both sets of optical absorbance show a gradual decrease as the doping concentration 
increased. It is found that the optical absorption edge for samples annealed at 900 °C is blue-
shifted for samples compared with those after 800 °C annealing (not shown here). As a 
consequence, the absorbance of 800 °C annealed samples is higher than that of 900 °C 
annealed ones. The absorbance of Si-based materials in near-infrared region usually arises 
from the localized states located at the midgap [6–8]. In our previous work, it was found that 
part of P atoms were located at the interface of Si/SiO2 to passivate the dangling bond (DB) 
on the nc-Si surface and terminate the corresponding defect states [13]. Meanwhile, the P-
Si/P-O bond could be formed at the interface which can modify the chemical environment of 
Si dots [11,13,19–22]. Therefore, the absorption related to the midgap states generated by 
DB bonds or Si-O bonds declines with increasing the P doping concentration. Note that no 
obvious infrared absorption originated from the intra-valence-band transition was measured. 

 

Fig. 3. (a) Optical absorbance spectra of samples A-E annealed at 900 °C. (b) The optical 
absorbance of all samples at 800 nm as a function of P concentration. The lines are the guided 
to the eye. 

In order to further investigate the effect of phosphorus-doping effect on the nonlinear 
optical response of Si/SiO2 multilayers, the Z-scan measurements with open aperture were 
carried out. Figures 4(a)-4(f) shows the normalized Z-scan transmittance traces of samples A, 
D and E in the open aperture configuration under laser intensity I0 = 4.78 × 1010 W/cm2 at 
800 nm. It is evident that all the Z-scan traces show a dip at the focal point. The nonlinear 
absorption coefficient β can be extracted by fitting the measured transmittance data according 
to the following equation [17], 

 0
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1
1 .

12 2

effI L
T

x

β
= −

+
 (1) 

where 0/x z z= , 2
0 0 / 2z kω=  and z are the Rayleigh diffraction length and the sample 

position from the focal point, respectively. I0 indicates the excitation intensity at the focal 
point, L0 is the effective thickness of the sample, α0 and L are the linear absorption 
coefficient and the real thickness of sample, respectively. 

                                                                   Vol. 7, No. 2 | 1 Feb 2017 | OPTICAL MATERIALS EXPRESS 308 



 

Fig. 4. Open aperture Z-scan traces of samples A, D and E annealed at (a)-(c) 800 °C and (d)-
(f) 900 °C. The excitation wavelength and intensity are 800 nm and I0 = 4.78 × 1010 W/cm2, 
respectively. The solid lines are the fitting curves of the experimental data. 

It is found that the transmittance at focus enhanced with increasing the annealing 
temperature, indicating that reduction of the nonlinear absorption (NLA). The dependence of 
NLA β on P concentration is displayed in Fig. 5(a). For samples annealed at 900 °C, the 
NLA β monotonously decreases from 4.20 × 10−7 to 1.04 × 10−7 cm/W with increasing P 
doping concentrations. The variation characteristic of nonlinear absorption with doping 
concentration and annealing temperature is similar with the linear optical absorption as 
depicted in Fig. 3(b). Moreover, the wavelength dependence of NLA β for samples A and D 
was also measured as plotted in Fig. 5(b), the inset shows the linear optical absorption in the 
range of 800-1400 nm. The linear and nonlinear absorption as a function of wavelength 
exhibit the similar trend, and they decrease with increasing the excitation wavelength. This 
behavior is further confirmed the fact that the linear absorption have a significant effect on 
the nonlinear absorption process. 

 

Fig. 5. The nonlinear absorption coefficient β as function of (a) P doping concentration and 
(b) the excitation wavelength. The inset is the optical absorbance spectra of samples A and D 
annealed at 800 °C ranged from 800 nm to 1400 nm. 

So far, the originations of nonlinear optical effect on Si-based materials are still in 
controversial [7,17,23–29]. The quantum confined effect is ascribed to the large nonlinear 
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optical response due to the size-dependent characteristics [17,24,25]. However, some groups 
reported that the localized defect states play a great role in the nonlinear optical process 
[7,26–29]. In our previous reports, the nonlinear optical properties of intrinsic Si/SiO2 
multilayers were investigated by using the Ti: sapphire laser with 50 fs pulse duration at 800 
nm [7,8]. The nc-Si dots with average size of 4 nm were prepared, the nonlinear absorption 
turns the reverse saturation absorption (RSA) into saturation absorption (SA) with increasing 
the annealing temperature to make the sample change from amorphous phase to 
nanocrystalline state [8]. The RSA was ascribed to TPA process, while we attributed the SA 
to the phonon-assisted one-photon transition process between the valence band and interface 
states. However, the NLA process changed when the size of nc-Si dot is 2.5 nm, the two-step 
absorption through the interface states in the midgap dominated the NLA process [7]. 
Because of the larger surface-to-volume ratio, much more interface states were introduced in 
the gap, which is confirmed by the PL measurements, the sample with size of 2.5 nm 
displays stronger PL intensity (about 10 times) than that with 4 nm. In the present work, the 
size of nc-Si dot is about 2 nm and excitation intensity (I0 = 4.78 × 1010 W/cm2) is lower than 
that in the (I0 = 3.54 × 1011 W/cm2). In this case, we considered that the NLA process of all 
samples was still dominated by the two-step absorption via interface states, and the obtained 
NLA coefficients are also positive. The density of midgap states as well as optical bandgap 
plays a major role in the nonlinear optical absorption of Si-based materials [7,8,26–29]. 
Therefore, we discuss the nonlinear optical behavior of P-doped Si/SiO2 multilayers based on 
the two factors. 

 

Fig. 6. The schematic diagrams of optical nonlinear transition process. The left graph is the 
two-step absorption process via the interface states for the un-doped sample, the middle and 
right diagrams demonstrate the reduction of the density of interfaces states and the widening 
of the bandgap with low and high P doping. 

One is the change of interface states after P-doping. It is found that the dependence of 
linear and nonlinear optical absorption on the doping concentration is similar, which can be 
attributed to the reduced interface states after P doping. K. Imakita et al. studied the linear 
and nonlinear absorption coefficients of nc-Si as function of the P concentration and they 
found that nonlinear optical absorption coefficient was increased with increasing the doping 
concentration, which is contrary to our observations [4,5]. The difference may arise from the 
different role of the P atoms in nc-Si materials prepared by two different preparation 
methods. Since the average dot size is about 4 nm in references [4,5], and P atoms can 
occupy the inner sites in Si nano-dots and form the impurity-related energy levels below the 
conduction band after P doping and hence the linear and nonlinear optical absorption can be 
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enhanced due to the increased midgap states. In our case, the dot size is quite small (~2nm), 
the impurities are difficult to enter into the Si nano-dots due to the self-purification effect and 
the most of P atoms tend to stay at the interfacial region [13,30], leading to the passivation of 
the DB and re-construct the surface chemical bonds. Therefore, the density of midgap states 
decreases with increasing the P doping concentrations as schematically illustrated in Fig. 6, 
which results in the reduction of both the linear and nonlinear optical absorption at near-
infrared region since the reduction of midgap states makes the NLA process via two step 
absorption become weaken. K. Ikeda et al. attributed the large reverse saturation absorption 
coefficient to the two step absorption through the midgap states generated by the DB defect, 
and the density of the midgap states could be tuned by introducing the hydrogen since 
hydrogen is also able to passivate the DB [6,31], which is similar with our results. 

The reduction of interface states can be confirmed by the change of photoluminescence 
behaviors. It was found that the PL band around 800-900 nm (Band I) can be detected not 
only from un-doped sample but also P-doped ones. This emission band was usually attributed 
to the radiative recombination of photo-generated electron-hole pairs via interfaces states 
located at the nc-Si/SiO2 interfacial region [9,31,32]. It was found that the peak position and 
spectral shape is almost the same, but their intensities are gradually decreased with P doping 
[13], which suggested the reduction of interface states due to the P passivation effect. It was 
further supported by the XPS spectra and ESR measurements that the P atoms tend to exist at 
interfacial region and may passivate the surface states of nc-Si effectively. It was also found 
that P doping may generate the deep levels in nc-Si and another emission band (Band II) 
centered at 1300 nm can be detected. The emission intensities are increased with P doping to 
the certain concentrations. However, it should be noted that, although the deep levels are 
introduced in the gap of Si quantum dots through P doping, no apparent absorption related to 
the deep states can be found at around 1300 nm according to the linear absorption spectra 
displayed in Fig. 3(a). 

 

Fig. 7. Open aperture Z-scan curve of sample B annealed at 900 °C. The excitation 
wavelength and intensity are 800 nm and I0 = 2.79 × 1011 W/cm2, respectively. The solid line 
is the fitting curve of the experimental data. 

To further understand the role of interface states in NLA process, the intensity-dependent 
NLA properties are investigated. The typical one is sample B as shown in Fig. 7. When the 
excitation intensity is increased up to the I0 = 2.79 × 1011 W/cm2, the NLA changes from 
reverse saturation absorption (I0 = 4.78 × 1010 W/cm2) to saturation absorption, which is the 
similar with that in the un-doped nc-Si/SiO2 multilayers we reported previously [8]. Under 
higher pump intensity, much more electrons are excited and all the interface states are fully 
occupied. Therefore, the saturation absorption occurs due to the state-filling effect, which 
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indicates that the interface state-related two-step absorption mechanism dominates the NLA 
process since it cannot be observed in the two-photon absorption process. 

The other one is the change of the optical bandgap after doping. It was reported that the 
NLA is sensitive to the bandgap, the NLA could be changed by tuning the optical bandgap of 
nc-Si materials [8,25]. In our case, it is found that the optical absorption edge continues to 
move toward the high energy with increasing P doping concentration as shown in Fig. 3(a), 
which means that the optical bandgap of Si/SiO2 multilayers enlarged after P doping. As 
illustrated in Fig. 6, the number of absorbed photon via two step absorption process will be 
reduced under the same pump photon energy due to the decrease of the density states in the 
conduction band. Therefore, the NLA β decreased with increasing the doping concentration. 
To further validate the effect of the bandgap on the nonlinear optical absorption process, 
NLA β as function of wavelength was measured as plotted in Fig. 5(b). It is shown that the 
NLA β decreases as the pump wavelength increases (reduction of the excitation energy), 
which equally to the enlargement of the bandgap. 

It should be pointed out that the annealing temperature also plays an important role in the 
linear and nonlinear absorption process of Si/SiO2 multilayers. As mentioned above, high 
temperature annealing (900 °C) results in the improved crystallinity according to the Raman 
spectra as shown in Fig. 2 and the optical absorption edge for samples annealed at 900 °C is 
blue-shifted for samples compared with those after 800 °C annealing. Meanwhile, a large 
amount of P atoms are intensively moving in or at the surface of the Si NCs during the high 
annealing process [15]. Therefore, the optical bandgap is enlarged and interface states is 
reduced and both the linear and nonlinear absorption coefficients for samples annealed at 900 
°C were lower than those annealed at 800 °C, as displayed in Fig. 2(b) and Fig. 5(a) 
consequently, which is in accordance with the model of the NLA process as shown in Fig. 6. 

4. Conclusion 

The P-doped Si/SiO2 multilayers with dot size of 2 nm were fabricated in PECVD system. 
The crystallinity of Si/SiO2 multilayers could be enhanced with increasing annealing 
temperature and doping concentration. The optical nonlinearities of P-doped Si/SiO2 
multilayers were investigated by the open aperture Z-scan technique utilizing femtosecond 
pulses. The NLA coefficients β could decrease as much as 4 times through P-doping. We 
also demonstrated that both linear and nonlinear optical absorption are doping concentration 
and wavelength dependent. The tunable linear and nonlinear optical absorption properties can 
be understood in term of the modified interface states and optical bandgap through 
controlling the doping concentration, which indicates that doping is a new approach to 
control the linear and nonlinear optical process in Si nano-dots materials and to improve the 
related device performance. 
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