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In heavily doped semiconductor nanocrystal systems, high-order nonlinearities including third-order
nonlinearity and ﬁfth-order nonlinearity can be tailored to manipulate light on the nanoscale due to the
semiconductor intrinsic absorption and localized surface plasmon resonances. Here, by exploiting the
nonlinear optical properties of broadly infrared plasmons in solution-processed aluminum-doped ZnO
nanocrystals (AZO NCs) with a wide band-gap, we demonstrate that the competition between plasma
ground-state bleaching (third-order nonlinearity) and three-photon absorption (ﬁfth-order nonlinearity)
is responsible for the transition between saturable absorption and reverse saturable absorption. Upon
increasing the pump intensity, the third-order nonlinear coeﬃcient decreases from 5.85  102 cm
GW1 to 7.89  1010 cm GW1, while the ﬁfth-order nonlinear coeﬃcient increases from 3.08  109
cm3 GW2 to 15.8 cm3 GW2. With aluminum-doped ZnO nanocrystals as a Q-switch, a pulsed ﬁber
laser operating at the C band (optical communication band) was constructed. Furthermore, the relatively
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small temperature ﬂuctuations (7.13 K) of the Q-switch indicate its application prospects in all-optical
systems. Investigations on the intrinsic mechanism between high-order nonlinearity and the nonlinear
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absorption can promote the further development and applications of heavily doped oxide
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semiconductors in advanced nanophotonics.

Introduction
The emergence of noble metal nanocrystals (NCs) such as gold
and silver has attracted growing research attention and led to
their potential applications in the elds of photothermal
therapy, sensing, plasma science, surface-enhanced Raman
spectroscopy, nanolasers and short-pulse lasers.1–3 These
excellent functionalities are related to their unique optical and
electronic properties ascribed to their localized surface plasmon resonances (LSPRs), which rely on the resonant oscillation
of free electrons at the surface of metal NCs.4,5 Such an amazing
and outstanding optical connement can enhance the light–
matter interaction and be capable of manipulating resonant
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frequencies from ultraviolet (UV), visible and near-infrared
(NIR) and even to mid-infrared (mid-IR) by altering their sizes,
shapes, local environment and clustering.1,2 However, the
optical loss due to free carriers hampers the realization of an
eﬃcient device in visible and infrared (NIR and mid-IR) spectral
ranges. As an alternative to metal NCs, heavily doped oxide
semiconductors like aluminum-doped zinc oxide (AZO) NCs
oﬀer fabrication advantages such as compatibility with wellestablished techniques like silicon complementary metal-oxidesemiconductors and relatively high thermal and/or chemical
stabilities.6–9 Compared with ZnO semiconductors, AZO NCs
have tunable infrared absorption to be used as a plasmonic
component. In addition, their free carrier concentrations have
been demonstrated to be tuned by doping, leading to the
advantage of tunable dielectric properties. Recently, a series of
research studies have reported the tunable carrier concentrations of AZO NCs, tailoring the imaginary part of permittivity to
achieve low-loss plasmonic functionality.10,11 The coexistence of
the bandgap and plasma in AZO NCs oﬀers a platform to
investigate the electron motion under intense irradiation. More
importantly, without sacricing the strong light–matter interaction, this advantage has brought forward many more in-depth
studies on ultrafast optical processing in intrinsically nonlinear
plasmonic systems.12–14
Many types of nonlinear optical (NLO) eﬀects of heavily
doped oxide semiconductors, for instance, second-order
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nonlinearity (e.g., second harmonic generation) and third-order
nonlinearity (e.g., saturable absorption and four wave-mixing),
have been investigated systematically by unravelling their electron–electron,
electron–phonon,
and
phonon–phonon
coupling.15–19 Among these NLO eﬀects, there are two paradoxical responses including saturable absorption (SA) and reverse
saturable absorption (RSA). The former can be used in saturable
absorbers (optical switches) for the generation of a pulsed laser
and the latter can be adopted in optical limiters for the
protection of eyes and sensor focal-plane arrays.20–26 SA and RSA
correspond to the opposite transition of electrons induced by
the pump light, giving the result of paradoxical visual view: the
SA response exhibits the increased transmittance related to the
enhanced laser intensity and possesses a negative absorption
coeﬃcient, while RSA reveals the decreased transmittance and
is related to a positive absorption coeﬃcient. SA and RSA eﬀects
are paradoxical and have a competitive relationship, and the
high-order optical nonlinearities like the h-order nonlinearity may also give rise to the change of nonlinear absorption in
the AZO NC system.27 However, the intrinsic mechanism of the
competitive relationship (between SA and RSA) and nonlinear
absorption in heavily doped oxide semiconductors, especially in
AZO NCs, remains hardly explored. A successful investigation
can promote the further development and applications of AZO
NCs in the elds of optoelectronics and photonics.
Here, we synthesized AZO NCs by a modied polyol process
and then studied SA and RSA by a well-established Z-scan
technique. It is found that ground-state plasma bleaching
(third-order nonlinearity) and three-photon absorption (horder nonlinearity) play a vital role in the transition of optical
nonlinearity from SA to RSA under strong photoexcitation.
Upon increasing the pump intensity, the third-order nonlinear
coeﬃcient decreases from 5.85  102 cm GW1 to 7.89 
1010 cm GW1, while the h-order nonlinear coeﬃcient
increases from 3.08  109 cm3 GW2 to 15.8 cm3 GW2.
Furthermore, a Q-switched ber laser at the C band (optical
communication band) was achieved by adopting an AZO-based
saturable absorber. Moreover, the relatively small temperature
uctuations (7.13 K) of the saturable absorber indicate the
application prospects of AZO NCs in all-optical systems.

Results and discussion
The as grown-AZO NCs were synthesized by using zinc salts in
basic solutions, which contain the dopant ions in the absence of
bulky organic ligands.12,28 Diethylene glycol was used as
a surfactant agent to prevent the agglomeration of the as-grown
NCs. The detailed synthetic process is expounded in the
Experimental section. The crystalline quality was evaluated
using an X-ray diﬀraction (XRD) image and a typical pattern is
depicted in Fig. 1(a). The hexagonal wurtzite (JCPDs no. 750576) pattern is also presented as a reference to evaluate the
quality of the as-grown AZO NCs.28 All the diﬀraction peaks are
congruent with the standard references and no characteristic
peak from the impurity is observed, which indicates that the asgrown NCs oﬀer high crystalline quality. The Raman spectrum
further characterizes the as-grown NCs, as displayed in Fig. 1(b).
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Wurtzite-type ZnO has the space group C46v oﬀering two formula
units in the permitive cell.29 The Raman scattering modes of A1
and E1 are polar, leading to diﬀerent frequencies for the
transverse-optical (TO) and longitudinal-optical (LO) phonons;
while the nonpolar E2 modes are divided into two frequencies
(i.e., Ehigh
and Elow
2
2 ) due to the motion of oxygen atoms and the
zinc sublattice.29,30 Due to the doping of Al ions, the lattice
distortion caused by diﬀerent atomic radii shis the Raman
frequencies from their original position (97.0, 327.7, and 437.5
cm1) to be about 96.1, 322.3, and 436.7 cm1,31 as depicted in
Fig. 1(b). The linear absorption spectrum of the as-grown NCs is
elaborated in Fig. 1(c). The sample was prepared by spinning
the AZO solution onto a high transparent quartz slide and an
empty quartz slide is used as the reference. The two expected
absorption peaks located at 300–740 nm and 740–2600 nm
wavelength ranges are, respectively, related to the intrinsic
absorption of the semiconductor and the LSPR response in the
AZO system.12,14,32 A step absorption behavior is shown for the
high-energy peak (300–750 nm) due to the broad bandgap of the
AZO semiconductor. The latter broad absorption peak is similar
to those of other AZO NCs obtained using a wet-chemistry
synthetic method.8,33 The start position of LSPRs is sensitive to
the concentration of the Al dopant. The competition between
intrinsic absorption and the LSPR eﬀect may contribute to the
change of nonlinear absorption in the AZO system. The
observed optical resonances can be tailored through the particle
size and shape to manage the optical nonlinearity of AZO NCs in
the NIR and mid-IR spectral ranges.33 In addition, the
morphology of the as-grown AZO NCs is measured by transmission electron microscopy (TEM) and a typical image is
shown in Fig. 1(d). The image shows that the samples are
irregular in shape, which is due to the inhomogenous doped
product arising from the diﬀerent solubility product constants
of Zn2+ and Al3+.34 High-resolution TEM and selected area
electron diﬀraction (SAED) images are illustrated in the inset in
Fig. 1(d) to conrm the crystalline quality. The uniform distance
between the interlayer is approximately 0.265 nm, corresponding to the (002) plane.
The optical nonlinearities were investigated and analyzed by
using a well-established open-aperture (OA) Z-scan technique.
Photo-excitation and electron transition are fundamental
processes that are indicative of the optical response of materials
upon strong excitation. Fig. 2 displays typical OA Z-scan experimental data of AZO NCs, as measured under 130 fs, 800 nm
laser excitation. As shown in Fig. 2(a), moving the sample close
to the focal plane (increasing the incident intensity, Z / 0), the
transmission was observed to exhibit an incremental response,
indicating the SA behavior. The SA modulation amplitude
further increases upon increasing the laser intensity at the focal
plane, as depicted in Fig. 2(b). However, a decrease in the
transmission signal was detected upon increasing the laser
intensity at the focal plane up to about 28.6 GW cm2 (Fig. 2(c)),
indicative of the occurrence of the RSA behavior.25 Noteworthily,
there are two hump peaks (transmission maximum) lying either
side of the center, indicating the occurrence of the SA
response.25,27 Thus, the coexistence of the competitive NLO
signal (SA and RSA) was illustrated. The coexistence behavior
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Characteristics and linear optical properties of the obtained AZO NCs. (a) X-ray diﬀraction (XRD) pattern of the as-prepared AZO NCs.
Here, for clarity, the JCPDS card (JCPDS# 75-0576) is shown as a reference. (b) Raman spectrum excited using a laser of 532 nm. (c) Linear
optical absorption of AZO NCs. (d) Low-magniﬁcation TEM image, the SAED pattern (upper-right in the inset), and high-resolution TEM image
(lower-left in the inset).

Fig. 1

was also detected under the excitation of 54.8 GW cm2
(Fig. 2(d)), showing a smaller transmission maximum and
a larger RSA depth, and indicates that a transition occurs from
SA to RSA for the AZO NCs under a dense laser excitation. Upon
the excitation of 97.1 GW cm2, the transmission at the focal
plane further decreases and the hump peaks lying either side of
the center disappear, as depicted in Fig. 2(e). We measured the
NLO response of a blank quartz under the same photo-excitation and no signal was detected, which indicates that NLO
response is related to AZO NCs. Since the eld is conned near
the surface of AZO NCs, the response of LSPRs oﬀers a small
mode volume, leading to a signicant electromagnetic eld
enhancement.10,35 The optical properties of AZO NCs are
controlled by the interaction between the incident electromagnetic eld (excitation optical) and the coherent motion of freeelectrons.36 The LSPRs can be excited with a light of wavelength
longer than 740 nm (illustrated in Fig. 1(c)); that is to say, the
nonlinear SA response upon the excitation of 800 nm stems
from the ground-state plasmon bleaching with electron anharmonic motion in a strong electromagnetic eld.15,35 Upon excitation of incident light, LSPRs occur and result in strong light
scattering, leading to the appearance of intense surface plasmon absorption bands (shown in Fig. 1(c)) and an enhancement
of the local electromagnetic elds. On moving the sample close
to the focal plane (Z / 0), the enhanced local electromagnetic
eld resonates with an electric eld (light) at an incident
wavelength; thus, the absorption becomes saturable (or transmittance increases), as explained in the le-illustration in
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Fig. 3. The transition from SA to RSA indicates that another
nonlinear process occurs and gradually becomes dominant.
Considering the band-gap of AZO NCs (3.5–3.7 eV)32 and the
pump wavelength (800 nm; 1.55 eV), the RSA eﬀect can
primarily be due to three-photon absorption related to the h
order nonlinearity.37,38 The relationship between ln(1  TOA)
and ln(I0) at a high irradiation intensity (Fig. S2, ESI†) shows
that the extracted slope value is 1.49, also indicating that the
RSA is from three-photon absorption.39,40 The three-photon
absorption refers to the electron transition from the groundstate of the valence band to the conduction band by absorbing
three photons with an energy of 1.5 eV (800 nm). The threephoton absorption resonance peak (4.5 eV) also locates at the
strong absorption peak in the high energy area, as depicted in
Fig. 1(c), leading to the occurrence of the interband transition
and RSA response. Moreover, three-photon absorption is irradiance dependent, and the corresponding contribution varies
along with an increase in the optical intensity. Free-carrier
absorption may also cause the RSA response.21,41,42 Free-carrier
absorption refers to intraband transition, which describes the
electron (or hole) transition in the conduction (or valence) band
by absorbing free photons. As a result, because of the electron
transition, the Fermi–Dirac distribution at thermal equilibrium
changes, creating a positive value of the nonlinear absorption
coeﬃcient (or the imaginary part of the third-order
susceptibility).
In addition, the possible existence of photodegradation of
the nanostructure,43 the hot-electron nonlinearity44 and the
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Fig. 2 Open Z-scan results (black square) and ﬁtting curves (red line) of the AZO/quartz ﬁlm measured by using a pump source of 800 nm-laser
at diﬀerent pulse intensities: (a) 7.8 GW cm2, (b) 16.0 GW cm2, (c) 28.6 GW cm2, (d) 54.8 GW cm2 and (e) 97.1 GW cm2. (f) The blank quartz
under the pulse intensity of 97.1 GW cm2.

Fig. 3 Schematic representation of the optical absorption for regimes
of low and high pump intensities. The left exhibits plasma ground-state
bleaching (third-order nonlinearity) related to saturable absorption.
The right displays three-photon absorption (ﬁfth-order nonlinearity)
related to reverse saturable absorption. S0 and S1 are the ground state
and ﬁrst singlet state, respectively. hn is the pump light energy. The
dashed line is the virtual states.

light scattering45 process may also cause the occurrence of an
RSA behavior. In the photogradation process, the transmission decreases stemming from the degradation of the

Nanoscale Adv.

particle (non-reversibility process). In order to exclude the
possibility of photodegradation, the excitation intensity was
then decreased from 97.1 GW cm2 to 7.8 GW cm2. As shown
in Fig. S1 (ESI†), the prominent RSA response transforms into
the SA response, indicating the reversible behavior of the
transition between the SA and RSA responses. Light scattering
and hot-electrons are the fundamental response of light–
matter interactions in heavily doped semiconductors because
of the LSPR eﬀect. However, the hot-electron nonlinearity in
nanoparticles requires a few picoseconds to arise.44 In our
measurements, the excitation pump source was a femtosecond
laser; hence, it is impossible for the hot-electron to cause
optical nonlinearity in AZO NCs. The light scattering mechanism was usually adopted to account for the RSA behavior in
nanoparticle dispersion systems.46 On the other hand, it is
obvious that the closer the excitation wavelength to the plasmonic resonance peak, the stronger is the light scattering.47
Fig. 4 shows an OA Z-scan under the excitation of 1550 nm. It is
obvious that the SA response amplitude increases upon

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Open Z-scan results (black square) and ﬁtting curves (red line) of the AZO/quartz ﬁlm measured by using a pump source of 1550 nm-laser
at diﬀerent pulse intensities.

increasing the excitation intensity from 48.7 GW cm2 to 463.3
GW cm2. Diﬀerent from the data under the excitation of 800
nm, only the SA response upon the excitation of 1550 nm is
recorded for all the intensities, which indicates that light
scattering and free-carrier absorption are unlikely to be the
dominant factor of RSA (at 800 nm). As elaborated in Fig. 3, the
competition between plasma ground-state bleaching and
three-photon absorption is responsible for the transition
between SA and RSA. Hence, the h order nonlinearity (threephoton absorption) can also be involved in the analysis model
to unravel the nonlinear absorption at 800 nm based on the
competition of SA and RSA.
The traditional Z-scan analysis only based on the linear
absorption and nonlinear absorption only takes into account SA
or RSA related to the third-order nonlinearity. Considering the
coexistence of SA (related to third-order nonlinearity) and RSA
(related to h-order nonlinearity) in AZO NCs at 800 nm, the
SA coeﬃcient (b) and three-photon absorption coeﬃcient (g)
can be simultaneously involved in the analysis model. The total
absorption coeﬃcient (a) at 800 nm in the AZO NCs can be
described as:
a ¼ a0 + bI + gI2

(1)

Here, the rst term (a0) is the linear absorption coeﬃcient, the
second term (third-order nonlinearity) presents negative
nonlinear absorption related to saturable absorption, and the
third term (h-order nonlinearity) presents positive nonlinear
absorption related to three-photon absorption which contributes to the RSA response. As for an open aperture Z-scan, the
normalized transmittance can be tted by the following
equation:48
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1
TðxÞ ¼ pﬃﬃﬃﬃ
ps

ðN
N


 
Tðx; tÞexp t2 s2 dt

(2)

where s is the half-width at e1 of the maximum for the pulse
duration; T(x,t) is the polynomial solution of the normalized
transmittance as a function of the sample position x ¼ z/z0, z is
the sample position from the focal plane; z0 ¼ pu02/l presents
the Rayleigh range, u0 presents the minimum beam waist at
the focal plane (z ¼ 0), l presents the laser free-space wavelength; the detailed expression of T(x,t) is shown in the ESI.†
By tting the experimental data in Fig. 2 using eqn (1) and (2),
the SA absorption coeﬃcient and three-photon absorption
coeﬃcient can be extracted and the corresponding parameters
are summarized in Table 1. The negative sign of b indicates the
nonlinearity contributes to SA; while the positive sign of g
indicates the nonlinearity represents RSA. It is interesting to
note that b and g are dependent on the peak intensity at the
focal plane. The coeﬃcient b rstly increases upon increasing
the laser intensity from 7.8 GW cm2 to 16.0 GW cm2 and
then monotonously decreases upon further increasing the
laser intensity. In contrast, the coeﬃcient g rstly decreases
and then monotonously increases as the intensity of the laser
increases. The paradoxical variation hints at the contrariety
between the SA coeﬃcient (b) and the three-photon absorption
coeﬃcient (g) in AZO NCs at 800 nm. At a low laser intensity
(16.0 GW cm2), the SA parameter of b is the prominent factor
so that only the SA behavior was detected. Along with an
increase in the laser intensity, the coeﬃcient g becomes more
obvious when the laser intensity is above 16.0 GW cm2, which
leads to the occurrence of RSA and even more prominent RSA
behavior at a high laser intensity (97.1 GW cm2). The change
shows the competition between ground-state plasmon
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Saturable absorption coeﬃcient (b) and the three-photon absorption coeﬃcient (g)

Laser intensity (GW cm1)
b (cm GW1)
g (cm3 GW2)

7.8
4.47  102
9.97  109

16.0
5.85  102
3.08  109

bleaching and three-photon absorption. The tens of magnitude of diﬀerence between b and g in the low intensity region
and high intensity region also conform to the basic theory of
nonlinear optics.49 That is, since b is tens of magnitude larger
than g in the low intensity region, the experimental data in
Fig. 2(a) and (b) can be t by the traditional Z-scan analysis
model omitting the term of three-photon absorption related to
RSA:50
TðzÞ ¼

N
X
½ q0 ðz; 0Þm
m¼0

ðm þ 1Þ3=2

;

q0 ðz; 0Þ ¼

bLeff I0

ð1 þ z2 z0 2 Þ

(3)

where I0 is the laser intensity at the focal plane; Leﬀ¼(1 
exp(a0L))/a0 is the eﬀective length for the third-order nonlinearity process; L is the sample length (thickness). The term of
saturable absorption related to SA can also be omitted for that
under the laser intensity of 97.1 GW cm2, and the normalized
transmittance can be tted by the pure three-photon absorption
model:39
ðN n
1=2
o



1
TðzÞ ¼ 1=2
ln 1 þ p0 2 exp 2x2
þ p0 exp x2 dx
p p0 N
(4)
!1=2
0
2gI0 2 Leff
0
, Leff ¼ ½1  expð2a0 LÞ=ð2a0 Þ is
where p0 ¼
ð1 þ z2 =z0 2 Þ2
the eﬀective length for the three-photon absorption process.
Also, for simplicity, the SA behavior upon the excitation wavelength of 1550 nm can be tted using eqn (3) as shown in Fig. 4
due to only the occurrence of the SA response. Considering the
excitation energy (1550 nm; 0.8 eV) is very smaller than the
bandgap of AZO, ve photons are required for an electron
located at the valence band to jump into the conduction band
(i.e., ve-photon absorption). However, it is diﬃcult to detect
these higher-order nonlinearities due to their small probability.
Thus, only the SA response from ground-state plasmon
bleaching was observed upon the excitation of 1550 nm.

Fig. 5

28.6
4.32  103
1.64  104

54.8
1.05  105
3.72  103

97.1
7.89  1010
15.8

In order to evaluate the concrete nonlinear parameters, the
intensity-dependent transmittance under the excitation of 800
nm and 1550 nm is shown in Fig. 5(a) and (b), respectively.
Obviously, as mentioned above, the SA transforms into RSA
upon increasing the pulse energy to 800 nm; while it is
a consistent SA under the excitation of 1550 nm. The diﬀerent
manifestations suggest that AZO NCs can not only act as an
optical limiter at 800 nm for protecting sensors and eyes due to
the RSA eﬀect, but they also have potential applications as
optical switches above 800 nm for pulse modulations due to the
SA eﬀect. In order to obtain the modulation depth (DT) and
saturable intensity (Isat) for evaluating the capacity of pulse
shaping, the experimental data of SA can be tted using the
formula T(I) ¼ 1  DT  exp(I/Isat)  Tns,20 in which I and Tns
are used to describe the input intensity and nonsaturable
absorbance, respectively. The modulation depths are extracted
to be 26.3% (800 nm) and 37.8% (1550 nm), respectively, indicating its capability for pulse generation in the NIR region. The
transient optical response of AZO NCs was also investigated by
using a pump-probe technique in another article,12 exhibiting
an ultrafast electron behavior (less than 350 femtoseconds). The
large optical nonlinearity and ultrafast electron dynamics in
AZO NCs promote us to investigate their practical applications
as optical switches in all-optical systems. Actually, the capability
of the saturable absorber for a mode-locked ber laser at 1064
nm and 1550 nm and a Q-switched ber laser at 2000 nm and
3000 nm was demonstrated in detailed in another article.12
Here, the capability as a saturable absorber for a Q-switched
ber laser at the C band (optical communication band) was
exhibited. The compact ber laser setup is based on the erbiumdoped ber and the AZO/PVA composite lm is embedded into
the laser cavity to serve as the ber modulator. The detailed
laser setup is explained in the ESI.†
Upon increasing the launched pump to 12.3 mW, a stable Qswitching regime was obtained, which was conrmed to be

Dependence of normalized transmittance on optical intensity upon diﬀerent pump sources: (a) 800 nm and (b) 1550 nm.
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Pulse trains of the Q-switched ﬁber laser upon a pump power
of 12.3 mW, 24.71 mW, 40.6 mW and 60.65 mW, respectively.

Fig. 6

insensitive to the adjustment of PC. Fig. 6 shows pulse train
under diﬀerent pump powers and no signicant pulse jitter is
found using an oscilloscope. The repetition rate increases from
35.46 kHz to 69.92 kHz with the increase of pump power from
12.3 mW to 60.65 mW, showing an s symmetrical Gaussian-like
shape with a varied pulse duration from 6.60 ms to 2.05 ms. A
typical Q-switching optical spectrum at a pump power of 20.94
mW is shown in Fig. 7(a), exhibiting a center wavelength of
1558.2 nm. As depicted in the inset, the output pulse laser
exhibits good stability within 4 h. The radio-frequency (RF)
output spectra in Fig. 7(b) were also measured to evaluate the
laser stability, with a signal-to-noise ratio (SNR) of 51 dB.

Nanoscale Advances
Moreover, only the fundamental and harmonic frequencies
were observed in a wider span of 300 kHz, indicating the high
stability of the Q-switched pulse. Furthermore, the characteristics including the repetition rate, pulse duration, output
power and pulse energy were achieved. Fig. 7(c) illustrates the
correlations between the pulse duration and the repetition rate
as well as the launched pump power. By setting the stable
intracavity polarization, the repetition rate was observed to
monotonously increase from 35.46 kHz to 69.92 kHz with
continuously enhanced pump power from 12.3 mW to 60.65
mW. However, the pulse duration decreases monotonously and
the shortest pulse duration is 2.05 ms. Nonetheless, the Qswitched pulse output was stable with no signicant pulseintensity uctuation observed on the oscilloscope during the
adjustment of the pump power between 12.3 and 60.65 mW.
Fig. 7(d) summarizes the average output power and the corresponding calculated single pulse energy with respect to pump
power. The output power almost increases linearly with the
pump power enhanced from 12.3 mW to 60.65 mW. By contrast,
the calculated single pulse energy increases rapidly and then
tends to be saturated when the pump power is increased further
over 36.59 mW. The maximum pulse energy is 42.66 nJ at
a pump power of 44.13 mW. Interestingly, the output power
increases with a slope eﬃciency of 4.6%, which is larger than
those of other saturable absorbers such as graphene, MoS2, gold
nanoparticles and Cu1.8S nanocrystals,51,52 but is comparable to
previously reported values for Cu3xP nanocrystals.53 The
temperature change of the saturable absorber upon pulsed laser

Q-Switched laser characterization of the AZO-based ﬁber laser. (a) Typical output pulse spectrum, centered at 1558.2 nm. The inset
shows long-term operation. (b) The typical RF spectrum at fundamental frequency and the wideband RF spectrum (inset). (c) The pulse duration
and repetition rate as a function of pump power. (d) Output power and pulse energy as a function of pump power.

Fig. 7
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is a critical parameter to evaluate the practical applications. The
maximum surface temperature change of the sample (DTmax)
excited by a Gaussian laser beam of a single pulse can be
expressed by:54
DTð0; tÞ ¼ 0;
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where, trp describes the repetition period of the pulse train.
Hence, the maximum surface temperature change could be
extracted to be 7.13 K. Although the density of the free carrier is
calculated to be about 1019 cm3 (the detailed calculation is
shown in another article),12 the temperature uctuations of AZO
in the Q-switched laser are relatively small without obviously
inuencing the performance of the AZO-satuable absorber and
the Q-switched laser. The paradoxical combination of SA and
RSA does not aﬀect the practical application as the saturable
absorber for mode-locked or Q-switched lasers. Furthermore, in
addition to broadband and ultrafast operation as a satuable
absorber from NIR to mid-IR,12 the AZO-based ber modulator
possesses advantages in terms of exibility of the preparation
technique and stability upon pulse interactions.

Conclusions
In summary, we theoretically proposed and experimentally
veried the intrinsic mechanisms of nonlinearity related to the
combination of saturable absorption and reverse saturable
absorption in Al-doped ZnO nanocrystals. The nonlinear
absorption transforms upon the excitation of 800 nm at 28.6
GW cm2, which is associated with the competition between the
third-order nonlinearity (saturable absorption coeﬃcient) and
the h-order nonlinearity (three-photon absorption coeﬃcient). Furthermore, a Q-switched ber laser was also successfully fabricated by employing Al-doped ZnO nanocrystals as the
saturable absorber at the C band (optical communication
band). Moreover, the relatively small temperature uctuations
(7.13 K) of the Al-doped ZnO-based saturable absorber indicate
the application perspective in all-optical systems. Investigating
the intrinsic mechanism between high-order nonlinearity and
the nonlinear absorption can propel the further development
and applications of heavily doped oxide semiconductors in
advanced optoelectronics and photonics.
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Details of sample preparation, characterization, Z-scan, ber
laser setup, calculation of the nonlinear absorption coeﬃcient,
and additional gures are shown in the ESI.†
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t.s

where t ¼ 0 represents the start time of the pulse, Im describes
the maximum optical intensity of the sample, DT(0,t) describes
the central temperature change of the sample at time t, s is the
pulse width of the pulse laser, R ¼ 10% is the reectivity,55 k ¼
1.0  106 m2 s1 is the thermal diﬀusivity,9,56 and K ¼ 1.5 W
m1 K1 is the thermal conductivity for AZO at room temperature.9 The maximum surface temperature change aer n pulses
(DTmaxn) can be calculated by:57
DTmax n ¼ DTmax =ð1  gÞ
  0:5
g ¼ s trp
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