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Nonlinear absorption (NLA) of hydrogenated nanocrystalline silicon (nc-Si:H) has been investigated through the
open aperture Z-scan method for the photon energy of the incident irradiance slightly less than the bandgap of
the sample. NLA responses have been observed to be highly sensitive to the wavelength and intensity of the incident
irradiance as well as to the bandgap of the sample, indicating greatly tunable NLA of nc-Si:H. The band tail of

nc-Si:H appears to play a crucial role in such NLA responses.
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Hydrogenated nanocrystalline silicon (nc-Si:H), silicon
nanocrystals (Si-ncs) embedded in a disordered amor-
phous Si:H (a-Si:H) matrix, has great potential in opto-
electronic applications [1-6]. Since it can be grown by
plasma-enhanced chemical vapor deposition (PECVD),
nc-Si:H is readily able to be integrated with most Si-based
devices [7,8]. Although there have been a great number of
studies of nc-Si:H, including linear optical [9], electrical
[10], and quantum confinement [11] properties, nonlinear
optical properties, especially critical to photonic applica-
tions such as all-optical switching [8,12], have not been
much investigated to date.

Here, we show greatly tunable nonlinear absorption
(NLA) responses of nc-Si:H thin films with the incident
irradiance and the bandgap, observed by open aperture
(OA) Z-scan measurements [13] with the photon energy
of the incident irradiance slightly less than their band-
gaps. We also show these NLA responses can be well-
described by the modified third-order NLA differential
equation [14,15]. In addition, we propose that band
tail states may be responsible for the NLA behavior of
nc-Si:H.

nc-Si:H thin films were grown on glass substrates by
PECVD at a radiofrequency (rf) of 13.56 MHz, a total
gas (SiH; + Hy) flow rate of 150 sccm, a chamber pres-
sure of 150 Pa, and a temperature of 250 °C. The silane
content was kept constant at ~1% while the rf power
density was controlled between 0.17 and 0.61 W/cm?
to achieve different grain sizes corresponding to different
bandgaps. Figure 1(a) shows an X-ray diffraction (XRD)
pattern of one of the samples measured by Bruker D8
Discover X-ray diffractometer. From this XRD pattern,
the mean crystalline grain size was calculated to be
6.0nm by using the Scherrer formula. It was also con-
firmed by a high-resolution transmission electron micro-
scopy (HR-TEM, CM200, Philips), as shown in the inset in
Fig. 1(a). Although the data are not shown here, we found
the crystalline volume fraction of ~37% from micro-
Raman spectroscopy measurements.

We employed n & k Analyzer 1280 spectrophotometer
to measure the wavelength-dependent transmission
spectrum (4 = 200-1000 nm, not shown) from which we
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extracted the film thickness L (=1.65 ym) and the optical
constants including the linear refractive index » and
extinction coefficient k. The A-dependent k is shown in
Fig. 1(b), which is an important parameter to calculate
the transmittance in Eq. (2). Also, as shown in the inset
in Fig. 1(b), we exploited a Tauc plot, i.e., (aghv)'/" ver-
sus the photon energy hv for y = 2 (indirect transition)
[9,16] to determine the optical bandgap E,, where the
linear absorption coefficient «y = 4zk/A. This Tauc plot
shows the linearity at the absorption edge, yielding
E, =1.63eV.

For the OA Z-scan technique, we used a mode-locked
Ti:sapphire laser (Spectra-Physics 3960d-X3S), generat-
ing nearly Gaussian shape TEM, laser pulses of ~100 fs
duration, 82 MHz repetition rate, and tunable wavelength
(A =775-800nm). The transmitted pulses are focused
at the sample space through a lens of 75mm focal
length. The beam waist is ~25.5 yum. A lock-in amplifier
(PerkinElmer 7265) was also used to regulate both the
light chopper (1 kHz) and the signal detector (New Focus
2031) for high signal-to-noise ratio.

We present in Figs. 2(a)-2(d) A-dependent Z-scan
transmission (7") spectra of the sample of E, = 1.63 eV
at a fixed incident irradiance I, = 2.39 GW/cm?. Here,
I, is the intensity of laser pulses at focus excluding
Fresnel reflection loss [13]. As in the figures, this NLA
behavior appears to be highly sensitive to 1. At a long
A=800nm in Fig. 2(a), the absorption decreases
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Fig. 1. (Color online) (a) XRD spectrum. Inset is a high-
resolution transmission electron microscope image, showing
the crystalline grain size indicated with ovals. (b) Extinction
coefficient spectrum. Inset is a Tauc plot, where the linear
extrapolation (red) is also shown.
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Fig. 2. (Color online) (a)—(d) Measured and calculated Z-scan

curves for various wavelengths at a fixed irradiance,
Iy = 2.39 GW/cm?. (e), (f) i-dependent I and f. (g) Schematic
bandgap diagram showing feasible NLA mechanisms.

(i.e., T increases) as the irradiance increases (i.e., || de-
creases), showing saturable absorption (SA). With a
small amount of decreased A to 775nm, this nonlinear
SA rapidly evolves into reverse SA (RSA) in Fig. 2(d) via
the intermediate NLA responses in Figs. 2(b) and 2(c).
Note that we also carried out Z-scan measurements on
the glass substrate and found no such NLA behavior. This
SA-to-RSA switching driven by A is our new observation
in silicon materials, although it has been reported
in some other materials, such as azobenzene [17], bis-
phthalocyanine [18], and GaN [19]. As is shown in
Fig. 3(a), the SA-to-RSA switching can be driven also
by I, as observed in Si-ncs suspended in glycerol [20],
Pt nanoparticles [14], and gold nanoparticle array [21].

The observed NLA behavior can be understood in
terms of the modified third-order NLA differential equa-
tion as in [14,15]:
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Fig. 3. (Color online) (a) Z-scan curves for various ir-
radiances at a fixed wavelength. Inset shows I,-dependent I
and p. (b) Z-scan curves for different bandgaps at fixed
wavelength and irradiance.
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where I is the beam irradiance, 2’ the propagation dis-
tance within the sample, and «a([) is the total absorption
coefficient. The latter consists of two NLA components,
i.e., the SA term ay/(1 + I/I;) and the RSA term fI. a is
the linear absorption coefficient mentioned earlier, I, the
saturation irradiance characterizing SA, and g the effec-
tive NLA coefficient characterizing RSA. Note that, if
I, > I, the SA term approaches ¢, implying that the lar-
ger the I, the weaker the SA. The transmittance at the
sample position z for OA Z-scan can be expressed as

JE=de [ Toyrdr

T =
=) exp(-aoL) [t dt [ I;,rdr’

(2)

where I;, is the Gaussian shape input irradiance as in
[15] and I, the output irradiance that can be expressed
in an infinite polynomial series from solving Eq. (1)
by using the Adomian decomposition method (ADM)
[15]. As clearly seen in Figs. 2(a)-2(d), the calculated
transmittance (red solid curves) excellently fits the ex-
perimental Z-scan results (black open circles). Note that
the first five terms of the Adomian polynomials were ta-
ken into account for the fitting process. The 1-dependent
nonlinear coefficients /; and f are presented in Figs. 2(e)
and 2(f), resulting from the best fits. At 1 = 800 nm, I, is
0.19 GW/cm? and p is nearly 0, indicating a nearly pure
SA. As A decreases, both I, and f overall increase,
implying that SA becomes weakened while RSA does
enhanced. Finally, at 1=775nm, I, is 52GW/cm?
I, = 2.39 GW/cm?) and g is 3.5 x 10° cm/GW, indicat-
ing a nearly pure RSA.

Now, we want to discuss the physical origin of the NLA
behavior in Fig. 2. In our measurements, the photon en-
ergy of the incident irradiance varied from 1.55 to 1.60 eV
(i.e., A from 800 to 775 nm), slightly less than the bandgap
(E, = 1.63eV) of the sample. Since nc-Si:H is known to
have the exponential band tail of the width ~60meV
[22,23], excited electrons upon the below-bandgap inci-
dent irradiance may transit from the valence band to
the conduction band tail through a phonon-assisted one-
photon absorption (1PA) process as depicted in Fig. 2(g),
leading to the absorption saturation of band tail states,
i.e., SA, as in Fig. 2(a). As the photon energy of the inci-
dent irradiance becomes closer to the bandgap (i.e., for
a shorter 1) at a given I, it is more difficult to reach
an absorption saturation since the number of band
tail states increases with increasing energy. As a result,
the SA effect should abate with decreasing A, as in
Figs. 2(b)-2(d). This abating behavior of SA is reflected
in Fig. 2(e). At the same time, the RSA effect is apparently
more distinct as the photon energy of the incident irra-
diance becomes closer to the bandgap, as in Fig. 2(f).
Two kinds of two-photon absorption (2PA) processes
may be responsible for RSA: phonon-assisted 2PA via
a virtual intermediate state and 1PA-induced free carrier
absorption (FCA). The latter process appears to induce
the observed RSA, since more electrons are allowed to



exist in the conduction band tail for the larger photon
energy of the incident irradiance, likely resulting in a
higher chance of FCA. The former process, however,
may be responsible for RSA in the case of the far-
below-bandgap incident irradiance as observed in GaN
[19]. Considering these two feasible processes,  can be
written as [24]

B = By + orcagto/hw, (3)

where f is the 2PA coefficient characterizing the former
process, opc is the FCA cross section, and 7, the laser
pulse duration. Since f;, can be neglected in our RSA
case, opc is proportional to f and one can estimate that
orc ~ 6.8 x 1071° cm? at 775 nm.

We have also performed Z-scan measurements on the
sample of E;, = 1.63 eV for different incident irradiances.
Figure 3(a) shows Ij)-dependent Z-scan transmission
spectra (black open circles) at a fixed A= 790nm
(i.e., 1.67eV), which are apparently well-described by
Eq. (2) (red solid curves). For a low irradiance I, =
0.96 GW/cm?, although SA and RSA both appear to be
weak since I, is big and f is small, as shown in the inset
of Fig. 3(a), SA appears to dominate the NLA. As I in-
creases, I, decreases but f increases, implying that SA
and RSA both become stronger. However, RSA clearly
dominates the NLA with increasing I.

Finally, in Fig. 3(b), we show the bandgap FE, depen-
dence of the NLA. As seen, these E,-dependent NLA re-
sponses are again well-described by Eq. (2). By tuning
E, from 1.67 to 1.60eV at fixed 4 (hc/A < E;) and I,
we again observe the SA-to-RSA switching via an inter-
mediate NLA state. This E-driven switching is essen-
tially of the same origin as the A-driven one in Fig. 2,
since a decrease of E, at a fixed 4 is effectively the same
as an decrease of 1 at a fixed E,;. Nonetheless, the E-
driven switching demonstrates nc-Si:H to be an excellent
candidate for NLA applications, since its bandgap can be
easily tuned during the growing process.

In summary, we have used the OA Z-scan technique to
observe NLA responses of nc-Si:H greatly tunable with
the incident irradiance (its wavelength and intensity)
and the bandgap of the sample. These NLA responses
have turned out to be well-described by the modified
third-order NLA equation, suggesting that the NLA me-
chanism of nc-Si:H may rely on its band tail states. These
greatly tunable NLA responses can be utilized for devel-
oping highly sensitive photonic devices.
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