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High-quality Fe-doped ZnS films have been fabricated by electron beam evaporation. After the doping, the fabricated
films still maintain the preferential crystalline orientation and phase purity of the host ZnS. According to the observation of
surface morphology, the root mean-square roughness of the samples increases slightly with the increase of doping content.
All of the prepared samples are in cubic zinc blende structure of ZnS. Transmission spectrum confirms a more obvious dip
near 3 pum with higher dopant concentration and it can be attributed to the typical >E—>T, transition of Fe?*. Fe-doped
ZnS film is also successfully used for Q-switched Er:ZBLAN fiber laser.

Keywords: Fe-doped ZnS film, electron beam evaporation, Q-switching, Er:ZBLAN

PACS: 42.60.Gd, 42.70.Hj

1. Introduction

The laser radiation in the mid-infrared band has extensive
application in the fields of molecular spectroscopy, environ-
mental remote sensing, space communication, industrial pro-
cessing, and medical treatment.!'* Transition metal substitu-
tion in II-VI semiconductors has aroused widespread interest
as laser materials for the mid infrared laser, both as gain media
and saturable absorbers. II-VI sulfide crystal matrix materials
mainly include binary sulfides (such as ZnS, ZnSe, CdSe, CdS,
and ZnTe) and ternary sulfides (such as CdMnTe, CdZnTe,
and ZnSSe).>® Both ZnSe and Zn$S have high transmittance
as infrared laser materials. Compared with ZnSe, ZnS matrix
materials possess a higher damage threshold, lower cost, bet-
ter thermal lens resistance and thermal damage resistance. !’}
In addition, ZnS crystal exhibits higher solidity, lower depen-
dence on refractive index and third-order nonlinearity upon
temperature. 8! These desirable properties make ZnS a promis-
ing candidate for mid infrared laser systems.

Fe?™ is one of the most significant dopants for the mid-
infrared lasers based on transition metal ions.!>!% Fe-doped
ZnS material has been paid an increasing attention as gain
media and saturable absorber.!'!! In 2011, Kozlovsky et al.
demonstrated a laser with tunable wavelength within the range
of 3.49-4.65 um for the first time, by using Fe?*:Zn$ crystal
as gain material.l'?! Subsequently, plenty of work on the in-
vestigations of Fe doped Zn$ has been published.!'3-'®! Due to
the electron-vibrational transitions SE—>T, of Fe?t (electron
configuration 3d6) substituting the Zn>" cations in the tetrag-
onal position, ! it also provides a wide absorption band cen-
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tered around 3 pm and can be applied to passively Q-switched

5.1201 Using Fe?*:ZnS saturable absorber, Boris Denke et

laser
al. reported short pulse generation of a 2.3 wm Tm-doped
tellurite glass laser.[’!! Fe-doped ZnS crystal for passive Q-
switching of 2.8 um Er-doped laser has been demonstrated. [*!
These applications were all based on the Fe-doped ZnS bulk
crystal. The doping of Fe into ZnS bulk crystal can be per-
formed during post-growth or crystallization process for single
crystal and polycrystalline samples. For the former process, a
thin film of the metal to be doped is deposited on the surface
of bulk ZnS. However, the following thermal diffusion always
inevitably brings about a rapid variety of concentration profile
near the surface.[?%24

Thin film devices can often offer compactness and the
advantage that both dopant profile and deposition rate can be
controlled during deposition process. Recent work on fabrica-
tion of Fe-doped ZnS film suggests a new route to the fabrica-
tion of saturable absorber for passive Q-switching.!'%?! The
latest report on physical fabrication method of Fe:ZnS film is
MBE-grown method, >3] which requires an ultra-high vacuum
environment and related equipment with better performance.
Otherwise, the quality of the deposited film cannot be well
guaranteed. Here, we report Fe-doped ZnS films fabricated by
electron beam evaporation (EB) and it can avoid the aforemen-
tioned disadvantage of the MBE-grown method and reduce the
chance of contamination. We also investigate the surface mor-
phology, the structural and optical absorption properties of the
prepared films. Furthermore, the sample is also applied as sat-
urable absorber for Q-switched Er:ZBLAN fiber laser.
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2. Experimental details

Fe-doped ZnS films with different concentrations of Fe
The sub-
strates were double-side polished sapphire, gold-plated mirror,

were prepared by electron beam evaporation.

and silicon wafer. Polycrystalline ZnS granule (high purity,
99.99%) and Fe powder (high purity, 99.99%) were chosen as
the targets. The samples were deposited on the substrates in
an electron beam evaporation chamber and the substrate tem-
perature was kept at 250 °C. The films were prepared at the
pressure between 3.5 x 1072 Pa and 2 x 10~* Pa during the
process of deposition. Before deposition, the substrates were
successively purged in ultrasound baths of acetone, ethanol,
deionized water, ethanol and then blown dry with nitrogen.
The deposition rate for Fe and ZnS was 0.1-0.2 A/s and 1.0—
1.4 As, respectively. The substrates were held in a rotating
sample holder and rotated with a rate of 20 rpm. SQC-310
rate controller INFICON) and a quartz crystal monitor were
used to monitor the deposition rate and film thickness. Once
the temperature dropped slowly to room temperature, the films
were quickly loaded in a furnace to anneal at 400 °C at a pres-
sure below 2 x 1073 Pa for about 10 hours.

Study of surface morphology and structure was carried
out using atomic force microscope (AFM , ASYLUMRE-
SEARCH, MFP-3D-BIO) and x-ray diffraction (XRD). Ele-
mental composition of the films was determined by energy-
dispersive x-ray spectroscopy (EDS) system. Raman spectra
were recorded with 532 nm excitation source laser. The spec-
tral transmission information at room temperature was mea-
sured with a Fourier transform infrared spectrometer (Bruker,
Tensor27) in the wavelength range of 1000 nm to 5000 nm.

3. Results and discussion
3.1. Elemental composition and AFM results

For the prepared films, the doping level of Fe was de-
termined to be 0.34 at%, 0.49 at%, 0.93 at%, and 1.34 at%,
respectively. The surface morphology of Fe:ZnS thin films
was analyzed using AFM in a scanning area of 5 x 5 pum?.
Figure 1 shows the 3D topographic AFM images (the verti-
cal height is 80 nm) of the films deposited on sapphire sub-
strate with different concentration. Figure 2 shows a typical
EDS pattern. The roughness of the thin films was analyzed
according to its root mean-square (RMS) roughness value.
The corresponding value of RMS surface roughness was de-
termined to be 8.05 nm, 8.8 nm, 8.94 nm, and 12.18 nm, suc-
cessively. The RMS of the Fe-doped ZnS thin films increased
with the increase of Fe-concentration. Within a certain range
of doping concentration, the similar trend has been reported
in Refs. [26,27]. This kind of relatively flat surface of the de-
posited films will not cause too much scattering loss.

(a) g (b) j
Fig. 1. The 3D AFM image (the vertical height is 80 nm and the scanning

area is 5 x 5 um?) of the samples with concentration of (a) 0.34 at%, (b)
0.49 at%, (c) 0.93 at%, and (d) 1.34 at%.
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Fig. 2. Typical EDS pattern for Fe:ZnS film of which the Fe-concentration
was determined to be 0.49 at%.

3.2. XRD analysis

The crystalline properties of the deposited Fe-doped ZnS
films were characterized by grazing incidence XRD with a
grazing angle of 1° and 26 angles of 20°-90°. Figure 3 shows
the XRD patterns of Fe:ZnS films with different concentra-
tions of Fe and JCPDS card (PDF#05-0566) for cubic ZnS.
It can be seen from the figure that the diffraction peaks of all
Fe-doped ZnS films appear around 28.6°, 47.7°, and 56.4°. In
comparison with the JCPDS standard card, they correspond to
the three crystal planes of {111}, {220} and {311} for ZnS,
respectively. It can be found that the diffraction peaks are con-
sistent with cubic zinc blende structure of zinc sulfide for all
of the prepared films. As for the sample with a concentration
of 1.34 at%, a peak around 40.7° may result from the oxi-
dation products, comparing with JCPDS card (PDF#49-1447
and PDF#13-0311). Based on these results, phase purity and
preferential crystalline orientation of the host ZnS films were
retained when a certain amount of iron was doped. All samples
possess strongly preferred orientation along {111} and obvi-
ously weak peak along {220} and {311}, which is different
from JCPDS card. It can be accounted for the rearrangement
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of atoms and the regrowth occurred in the films. Good crys-
tallinity of these films can be inferred from the small full width
at half maximum (FWHM) of narrow peaks.

1.34 at% Fe:ZnS film

0.93 at% Fe:ZnS film

0.49 at% Fe:ZnS film
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Fig. 3. XRD pattern of Fe?*:ZnS films and cubic ZnS bulk polycrystal.

3.3. Raman analysis

Figure 4 displays the Raman spectra in the range of 100—
700 cm~! for the films with different content of iron, the cor-
responding substrates are sapphire. The Raman peaks around
350 cm~! and 645 cm™! are the characteristic Raman modes
of ZnS. Taking into consideration of the results of XRD char-
acterization, the Raman modes can be identified as T>(LO),
2(TO) for zinc blende ZnS.[?33% These results indicate that
the samples all retain the Raman modes of pure ZnS with the
doping of iron. The results also show that the intensity of the
2(TO) mode increases with higher doping concentration.

1.34 at% sample

0.93 at% sample

Intensity

0.49 at% sample

1 1 1 L 1
substrate

1 1 1
100 2000 300 400 500 600 700

Raman shift (cm™1)

Fig. 4. Raman spectra of Fe:ZnS films with different Fe concentrations.

3.4. Optical transmission

Figure 5(a) shows the optical transmittance recorded in
1000-5000 nm of the prepared Fe-doped ZnS films with
different content of iron. By the method of Swanepoel
analysis, 3132 the thickness and absorption coefficients were
calculated for the prepared films. According to the interfer-
ence fringes of the transmission spectrum, the thicknesses

(D) of these films can be estimated using the following

31]
=30 f@ n)’ M
11y = /M
where A and A, are the wavelengths at two adjacent maxi-
mums (or minimums) of the interference fringes, and the re-
fractive indices of the corresponding wavelengths are respec-
tively to be n, and n,. The estimated value of thicknesses for
the samples are both about 2.85 um. Good homogeneity can
be inferred from the interferometric fringe and "E—>T, tran-
sition of Fe>* in Zn$S host cause the obvious transmission dip
near 3 um. With the increase of Fe?* -content, more obvious

equation:|

dip of the transmission can be found in the curve and the es-
timated absorption coefficients for the fabricated samples can
be found in Fig. 5(b).

95
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Fig. 5. (a) The transmission for Fe:ZnS film with different Fe concentration;
(b) the estimated absorption coefficient of corresponding samples.
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3.5. The Q-switching for Er:ZBLAN fiber laser

One sample which has about twice thickness of Fe-doped
ZnS films with 0.49 at% of Fe was chosen as saturable ab-
sorber for the Q-switched fiber laser, and they have the same
doping ratio. A simple linear cavity as shown in Fig. 6 was
constructed to certify the saturable absorption of the Fe-doped
ZnS film. The pump source is a commercial 976 nm laser
diode. A highly Er’*-doped ZBLAN fiber of which the Er’*
doping concentration is 6 mol.% serves as the gain fiber and
its length is about 2 m. As for the gain fiber, its core diame-
ter and NA are respectively to be 33 um and 0.12. The core
diameter and NA of the gain fiber’s octagonal inner cladding
are respectively 330 um and 0.5. The focus lengths of the
two plano-convex CaF; lenses are both 35 mm. The input end
of the gain fiber was flat-angle cleaved, and the rear end of
the gain fiber was cleaved with an angle of 6° to reduce par-
asitic oscillation. Both end of the gain fiber are mounted in a
water-cooled fiber aluminum heat sink. After the gain fiber,
two concave reflective mirrors (M1 and M2, high-reflection
coating from 2.5 um to 3.0 um) of which the radius curva-
ture are 100 mm and 50 mm respectively, are parallel-placed
as much as possible to focus the laser beam onto the Fe:ZnS-
SAM. Among the two CaF, lenses, a dichroic mirror (DM) is
mounted at 45°. The DM possesses high reflection (> 99%) at
2.8 um and a high transmittance (> 98%) at 976 nm.

Figure 7(a) shows the average output power as a func-
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0.5}
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0
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tion of pump power and the maximum average output power
is 441 mW at the maximum pump power. The turning corre-
sponds to the pump power about 5 W may be caused by the
influence of thermal effect and slight spatial location change
of Fe:ZnS-SAM during test. Figure 7(b) shows that the pulse
width decreases from 2.284 ps to 771 ns and the repetition
rate increases from 30.73 kHz to 94.24 kHz with the launched
pump power from 2.09 W to 9.93 W. Typical pulse trains
and the corresponding single pulse waveform from passively
Q-switched laser for different pump power are presented in
Figs. 8(a) and 8(b).

DM
l'lll

Er®*t:ZBLAN fiber

L1 L2

M1
M2

Fe:ZnS-SAM
laser

Fig. 6. Experimental setup for Q-switched Er:ZBLAN fiber laser.
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Fig. 7. (a) Average output power as a function of pump power; (b) the pulse
width and the repetition rate as a function of pump power.
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Fig. 8. (a) Typical pulse trains at different pump power; (b) the corresponding single pulse waveform; (c) RF output spectrum at the pump power of 9.93 W.
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The maximum pump power is lower than 10 W to avoid
catastrophic damage to the fiber end-face. At the maximum
pump power of 9.93 W, the radio-frequency spectrum displays
a41 dB signal-to-noise ratio (SNR), as shown in Fig. 8(c), and
it demonstrates a stable Q-switching operation. At the pump
power of 4.31 W, the output spectrum with a relatively narrow
FWHM of 1.6 nm was measured and the center wavelength is
~ 2773 nm, as shown in Fig. 9. Fe-doped ZnSe film had also
been successfully used as saturable absorber for Er:ZBLAN
fiber laser and the results of optical spectrum were shown in
Table 1. Fe:ZnSe and Fe:ZnS are both important saturable ab-
sorber for Er-doped laser and the former reports are valuable
work. And our work is also useful practice for related applica-
tions.

Table 1. Comparison of optical spectrum of the Q-switched Er>+-doped
ZBLAN fiber laser by Fe:ZnSe and Fe:ZnS film.

Reference SA Wavelength (nm) FWHM (nm)
[33] Fe:ZnSe 2779.2 nm 5.2 nm
[34] Fe:ZnSe NCs film ~ 2780 nm 3 nm

This work Fe:ZnS ~ 2773 nm 1.6 nm

Acenter = 2773 nm
>
.‘5 b FWHM = 1.6 nm
=]
g
g

2760

2770 2780 2790
Wavelength (nm)

2800

Fig. 9. The laser output spectrum at the pump power of 4.31 W.

4. Conclusion

Fe-doped ZnS films with different concentration of Fe
The
results of AFM indicate that the value of root mean square

were deposited via using electron beam evaporation.

roughness for the Fe-doped ZnS films slightly increase with
the increasing content of Fe?*. The characterization results of
XRD and Raman spectra configure the structure of cubic ZnS.
Transmission spectrum shows an obvious dip near 3 pum and
it can be attributed to the typical >JE—>T, transition of Fe?*
incorporated into ZnS matrix. The prepared film was also ap-
plied as saturable absorber for Q-switched Er:ZBLAN fiber
laser.
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