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Abstract: Topological insulator bismuth has attracted considerable attention for the fabrication
of room-temperature, wide bandwidth, and high-performance photodetectors due to the gapless
edge state and insulating bulk state properties. However, both the photoelectric conversion and
carrier transportation of the bismuth films are extremely affected by the surface morphology
and grain boundaries to limit optoelectronic properties further. Here, we demonstrate a strategy
of femtosecond laser treatment for upgrading the quality of bismuth films. After the treatment
with proper laser parameters, the measurement of average surface roughness can be reduced
from R, =44 nm to 6.9 nm, especially with accompany of the evident grain boundary elimination.
Consequently, the photoresponsivity of the bismuth films increases approximately 2 times within
an ultra-broad spectrum range from the visible to mid-infrared. This investigation suggests that
the femtosecond laser treatment can help to benefit the performance of topological insulator
ultra-broadband photodetectors.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A design of broadband photodetectors spanning the ultraviolet to the far-infrared and even
terahertz ranges is of great interest for communications, biomedicine, remote sensing, and other
fields [1-5]. However, the response spectrum of commercial photodetectors is usually limited.
For example, the commonly used Si-based photodetectors only work in the visible range due
to the bandgap limitation, while infrared detection materials, such as indium gallium arsenic
(InGaAs), indium telluride (In, Tes), cadmium mercury telluride (CdHgTe), cannot be used in
an ultra-broadband range from the visible to mid-infrared (MIR), and the cryogenic cooling
conditions are often needed as well [6,7]. Currently, the development of room-temperature
ultra-broadband photodetectors is urgently required.

Emerging topological quantum materials (TQM) such as topological insulators (TI) and
topological semimetal (TSM) has recently attracted significant attention in the fundamental
science because of their topological surface states protected by spin-orbit coupling effects and
time-reversal symmetry. Their unique properties, including the linear dispersion relations, the
ultra-high carrier mobility, the special band structure, and the tunable bandgap, make them
prevailing for broadband photodetectors working in the room temperature environment [8,9]. For
instance, TalrTes, BipTes, and other TQM have been realized to cover the broadband detection
from UV to IR. However, the low damage threshold of 2D layered TQM, such as graphene, is
unsuitable for high laser power detection [10]. As one of the TI materials, bismuth (Bi) has been
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proven to offer the potential of a broader band response than other TQM in the room temperature
environment because of its bulk bandgap around 0.2 eV with the small electron effective mass,
the long carrier mean free path, and the higher damage threshold [11-18]. Therefore, Bi has
been widely used in the photoelectric field, such as broadband absorbers [19], photodetectors
[20-24], and Hall sensors [25,26].

The quality of Bi films, including surface morphology, crystal grain size and boundary,
can directly affect the photoelectric conversion and carrier transportation, which significantly
determine their optoelectronic properties. To obtain this material with high quality, both
technologies of the molecular beam epitaxy (MBE) [27-29] and pulsed laser deposition (PLD)
[30] have been demonstrated. However, they are usually limited by the substrate lattice matching
and only work on some particular substrates to confine the industry applications. Although
magnetron sputtering has been proven a low-cost, facile technique for thin film fabrication, both
high surface roughness and the obvious grain boundary are usually caused during this process,
unavoidably leading to carriers scattering, recombination, and low responsivity for optoelectronic
applications [25,26,31,32]. In order to improve the quality of Bi film after magnetron sputtering,
some polishing and annealing methods are very required for further treatment. Although heat
annealing process is useful for addressing the grain orientation, the residual stress and other
properties, it usually suffers from high-temperature and time-consuming procedures. More
importantly, the thermal annealing process can only take place for the whole sample and is unable
to perform the spatially localized treatment on materials [33—-36]. However, for topological
insulator materials, the modification of the topological surface state is extremely important
to improve their photoelectric properties [37]. Despite providing the capability of surface
modification, the conventional mechanical polishing is often plagued by issues such as poor
quality, low efficiency, subsurface damage, and thermal oxidation [38,39]. Therefore, it is
essential to develop a novel strategy to improve or modulate the quality of Bi films.

In fact, as an intriguing approach to having the non-contact high precision manufacture on
various materials, the femtosecond (fs) laser processing can also be considered for effective surface
upgrading due to its ultra-high peak power and ultra-short time duration characteristics [40—43].
Fs laser irradiation can modulate not only the surface morphology but also the physiochemistry
properties of materials, leading to wide applications in the fields of optoelectronics, topological
phase modulation, etc. For instance, Kong et al. reported to remove of around 20 nm-thick top
layer on the perovskite with irradiation of fs laser pulses, which consequently results in a decrease
of surface roughness from R, =42 nm to 22 nm to improve the performance of solar cells [44].
On the other hand, femtosecond laser is also an effective tool for enhancing the photoelectric
properties of materials. Song et al. used the femtosecond laser to modulate the structure and
exciton kinetics of two-dimensional halide perovskites for enhancing the light response and
stability, the photocurrent is increased beyond 5 times after laser treatment [45]. Huo et al. used
the localized femtosecond laser irradiation process to improve MoS,—metal contact behavior
and remove the organic contamination induced by the transfer process, significantly improving
the photoresponsivity of MoS; photodetector, which is approximately 80 times higher than the
pristine one [46].

In this paper, we propose a strategy of fs laser treatment for upgrading the quality of Bi
films. For the optimal laser processing parameters, it is found that the surface roughness of
the sample can reduce greatly, associated with the disappearance of grain boundaries on the
interface. Moreover, an optoelectronic device is fabricated on a large surface area of the efficient
femtosecond laser treatment with cylindrical focusing conditions. Owing to the decreasing
surface roughness and the eliminating grain boundaries on the Bi films after the laser treatment,
the measured photoresponsivity of the device can be enhanced approximately 2 times within
a wavelength range from visible to infrared This provides a new solution for improving the
performance of topological insulator broadband photodetectors.
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2. Results and discussion
2.1. Femtosecond laser upgrading of Bi films

In this work, the SiO,-based Bi thin films (~300 nm thickness) prepared via a direct current
(DC) magnetron sputtering method were presented for further fs laser treatment. As shown by a
schematic diagram in Fig. 1, a commercial Ti:sapphire femtosecond laser amplifier (Spitfire Ace,
Spectra Physics) was employed as a light source to deliver the linearly polarized infrared (800 nm,
1 kHz, 40 fs) pulse trains. After the beam expanded it was focused by a cylindrical lens (with
a focal length f =50 mm) on the Bi films that are fixed on a high precision three-dimensional
translation stage, leading to a line-shaped beam spot with a diameter of about 30 mm. A large
area of surface treatment was accomplished by the sample scanning process at the speed of
1 mm/s. To be surprising, after the fs laser irradiation, both the external surface morphology
and the internal grain boundaries can be simultaneously manipulated, which are respectively
indicated by the left and right part pictures of Fig. 1.

Femtosecond laser
800 nm, 40 fs, 1 kHz

Laser treated

substrate

Laser scanning direction

Fig. 1. Schematic diagram of the femtosecond laser treatment of Bi films.

2.2. Modulations in surface morphology and grain boundary

To better understand the effect of laser parameters on both the surface roughness and the crystal
grain boundary for Bi films, we experimentally investigated the evolution of laser-treated surfaces
with the incident energy fluence per pulse.

Figure 2(a)-(f) present a group of atomic force microscope (AFM) images to show variations
of the surface topography for different laser fluences. With gradually increasing the laser fluence
per pulse from F =40 mJ/cm?, the observation of surface roughness tends to decrease, with the
available optimal smoothness at F =79 mJ/cm? (Fig. 2(e)). However, when the laser fluence
per pulse continued to increase, the surface roughness became higher with some nanoholes of
thermal melting, as shown in Fig. 2(f). which indicates the damage to the films. In order to
quantitatively characterize the evolution of surface morphology with the incident laser fluence

per pulse, we respectively calculated the average surface roughness (Ra = (%) p |y,-|) and the

root mean square average surface roughness (Rq = (%) >y ylz) of the films for different
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laser fluences, where y is the height at a given pixel (i) in the image and » is the number of pixels
[47]. As shown in Fig. 2 g, before the fs laser treatment, the obtained two average roughness of
Bi films are given by R, =44 and R, = 64.3 nm, respectively. Whereas for the laser fluence per
pulse of around F =79 mJ/cm?, the measured surface roughness can reduce to R, = 6.9 nm and
R;=9.19nm, at least 6 times smaller than the pristine one. Furthermore, we also adopted the
optical microscope to characterize the variation of surface roughness within the larger area of
70 x 70 um?, as shown in Fig. S1. The above characterizations show that the surface roughness
of Bi films can be effectively adjusted by the fs laser processing.

350 nm
g —=—R
60+ '\, 2
~— ——R,
=50-
£
§40-
£30
=]

0 T T r T T T
Pristine 40 53 66 79 92
0 nm Laser fluence (mJ/cm?)

Fig. 2. Evolution of surface morphology on Bi films with the energy fluence per pulse of fs
laser treatment. (a-f) AFM images, where (a) pristine film; (b) F =40 ml/em?; (c) F =53
ml/em?; (d) F = 66 m)/em?; (e) F =79 mJ/ecm?; (f) F =92 mJ/cm?. Scale bar: 1 pm. (g)
Calculated average surface roughness (R,) and root mean square average surface roughness
(Ry) as a function of the laser fluence per pulse F.

In addition, the high-resolution SEM images of Bi films before and after the fs laser treatments
can unveil the change of crystal grain boundaries, as shown in Fig. 3(a)-(e). It is clearly seen that
the grain boundaries of the film become gradually disappear when increasing F. Figures 3(a)-(b)
show that the pristine film consists of many grains with a wide size distribution from tens to
hundreds of nanometers, and in particular, demonstrate some big protruding particles on the
surface to significantly influence the smoothness. The cross-sectional SEM image identifies that
the dimension of such protruding particles is even larger than the thickness of the pristine film.
In Fig. 3(c), when F = 53 mJ/cm?, the large protruding particles on the film began to disappear
with the increase of grain sizes and surface uniformity due to the grain boundary elimination.
When the laser fluence per pulse increases to F =79 mJ/cm?, as shown in Fig. 3(e), the grain
boundaries turn to almost disappear completely. In this case, the cross-sectional SEM image of
Bi films is shown in Fig. 3(f), where the big protruding particles disappeared in all to make the
surface optimally smooth. To further clarify the surface change, the higher magnification images
of cross-sectional SEM are obtained in Fig. 3 g, h. It is clear that the laser-induced modification
mainly occurs within a location range of approximately 80 nm from the top surface to eliminate
the grain boundaries, which makes the surface layer more continuous. Moreover, the measured
thickness of the pristine Bi films without protruding large grains is about 200 nm, and it was found
to grow to 240 nm after the laser treatment. This is presumably due to the laser energy fluence
per pulse F =79 mJ/cm? exceeding the ablation threshold of the material [48]. At this point,
the incident femtosecond laser can melt and spall the big protruding grains on the top surface
and finally develop into a boundary-free state with an increased thickness. For the topological
insulators, because the carrier transportation mainly originates from the non-scattering surface
state, the surface modification process can promote the electrical performance.
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Fig. 3. SEM and Raman analyses of Bi films. (a)-(b) Top-view and cross-section SEM
images of the pristine film; (c)-(e) SEM images of the laser treated Bi films with variable
laser fluences of F =53 mJ/cm?, F = 66 mJ/cm?, F =79 mJ/cm?. (f) Cross-section SEM
images at F =79 mJ/cm?2, scale bar: 300 nm. The high magnification of cross-sectional
SEM images for (g) the pristine and (h) the laser treated films with F =79 mJ/cm?, scale
bar: 100 nm. (i) Measured Raman spectroscopy of the pristine and the laser treated Bi films
with different laser fluences.

The change of elemental compositions is also vital for understanding the optoelectrical
performances of the Bi films when considering the fs laser treatment in the air environment. Here,
we evaluated the composition change for the laser-exposed surfaces by Raman spectroscopy. As
shown in Fig. 3(i), the obtained Raman spectrum for the pristine Bi films contains the typical
scattering peaks of the in-plane E, and out-of-plane A, vibration modes at 69 cm~!' and 95cm™!,
respectively; while after the laser treatment with different energy fluences, the Bi films exhibit no
additional peaks related to the oxidation, which is attributed to the fast change of temperature
than the chemical oxidation during the fs laser treatment [49]. Moreover, the grazing incidence
X-ray diffraction (GIXRD) measurements were also carried out to show the same peak profiles
as the standard XRD, which not only confirms that no oxidation is happening on the Bi film
surface, but also indicates that the crystal orientation of Bi remains almost unchanged during
laser treatment (Fig. S2).

More interestingly, to investigate the stable properties of the laser-treated Bi sample working
within air environment, we applied intense light radiation (473 nm, 1.5 x 103 W/cm?, 5 s) on it,
and the subsequent photoluminescence (PL) characterization only showed a weak peak of the
material oxidation (Fig. S3). Such good withstanding behaviors lay a solid foundation for the
high-performance self-powered Bi photodetectors.
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2.3. Optoelectronic performances of the reformed Bi films

The optoelectronic performance of the laser-treated Bi films was evaluated with broadband
laser excitation. The preparation of optoelectronic devices was based on the sample treated
with the laser fluence per pulse of F =79 mJ/cm?, v=1 mm/s, because it has the minimum
surface roughness and the eliminated grain boundaries. By adopting the beam expansion and the
cylindrical focusing conditions, we accomplished a large area (10 X 10 mm?) of the film surface
in one step without splicing. The laser processing efficiency can reach about 1= 18 cm?/min.
The optical image with an inset picture shown in Fig. 4(a) compares the morphologies of two
parts of the sample surface before (left) and after (right) the laser treatments. Clearly, even with
the centimeter-scale laser processing, the surface roughness of the sample can be greatly reduced
by the disappearance of large protruding particles. We also employed an atomic force microscope
(AFM) to characterize the morphology change of the film surface in three dimensions (3D),
as shown in Fig. 4(b), c, where the protruding particles on the Bi film surface are effectively
removed to make the surface morphology significantly smooth. By comparing the measured
AFM data before and after the laser treatments, we can find their average height difference of
about Ah =200 nm, associated with the maximum value of about 300 nm.

ic Pristine: Laser treated

12

4 6
Length (u?n)

Fig. 4. Comparison of the surface roughness before and after laser treatment (F =79
mJ/cm?) of Bi film. (a) Optical image of the pristine (left) and treated (right) Bi film, scale
bar: 10 pum. Inset: 10x 10 mm? Bi film on the SiO; substrate. (b) AFM image of the
boundary of the pristine (upper left) and laser treated (lower right) Bi film. (c) Comparison
of surface profiles before and after the laser treatment corresponding to the lines in (b).

Figure 5(a) shows a schematic diagram of the fabricated Ag-Bi-Ag devices on the SiO;
substrate, where two Ag electrodes are connected for the photocurrent (PC) measurement. The
available PC response originated from two parts: the interface of Bi-Ag junctions and the inner
area of Bi films away from the metal electrodes. Because of the predominant photothermoelectric
effect, the photocurrent signals are mainly collected from the interface of the junctions in our
work.

Taking advantage of the topologically protected gapless surface band structure and the
photothermoelectric property, the PC responses of the Bi device are able to cover a broad
wavelength range. Here, three typical wavelengths from the visible to MIR (532 nm, 4 um, and
10.6 um) were selected to compare the photoresponse of the pristine and the laser treated Bi film
photodetectors. Figure 5(b)-(d) illustrate the short-circuit PC responses at different excitation
wavelengths. The employed powers for three wavelengths are 5 mW (532 nm), 1.05 mW (4 um),
and 0.85 mW (10.6 pm), respectively. It is interestingly found that after the laser treatment all
the responsivities for the three wavelengths can increase by nearly 100%. In addition, both the
photoresponse curves with the variation of excitation energy and their stability measurements
were explored in the experiment (Fig. S4). We also performed the Vis-NIR and MIR absorption
spectra for both the pristine and laser-treated Bi films, as shown in Fig. S5. For the case of
laser-treated Bi films, even though the optical absorption was decreased by about 40%, it was
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Fig. 5. Bi film broadband photodetector. (a) Schematics of the device layout. (b-d)
Broadband photoresponse of pristine and laser-treated Bi film photodetector for different
excitation wavelengths: (b) 532 nm, (c) 4 um, (d) 10.6 um at room temperature. (e) Schematic
diagram of the carrier transportation enhancement mechanism.

unexpectedly found that the measurement of its responsivity can still increase, which indicates a
more than 160% increment in the actual internal responsivity. It further proves the improved
efficiency of photoelectric conversion and photogenerated carrier transportation.

The physical mechanisms of the carrier transportation enhancement for two surface parts of
the pristine and the laser-treated Bi films are illustrated in Fig. 5(e). As analyzed with SEM
images in Fig. 3 g, h, the grain boundaries in the films disappeared after the laser treatment, which
can help the photogenerated carriers easily transport from the excitation area to other parts [50].
Especially for the topological insulator material before the laser treatment (Fig. 5(e) upper), the
topological protect surface state tends to make the carriers transport circularly within the grains,
so that the efficiency of carrier transportation among different grains becomes very low to make
the carriers decay fast. In comparison, the laser-treated Bi film (Fig. 5(e) bottom) would like to
lower the recombination rate of photogenerated charge carriers. In other words, the available
slower recombination rate implies the better separation between the photogenerated electrons
and holes due to the higher continuity of the sample surface, which significantly suppresses the
recombination of photo-generated charge carriers. This result is consistent with the measured
higher photoresponse performance of the laser-treated Bi films within the broadband range.

2.4. Discussion

The flexible femtosecond laser treatment enables the precise modulation of surface roughness and
grain boundary in Bi films. Unlike the traditional mechanical polishing and annealing methods,
the laser upgrading technique offers a combined solution for spatially localized processing and
improved surface quality. In fact, one of the challenges for topological insulator thin films is that
the bulk conductivity mixes bulk and surface transport characteristics [37]. Here, different from
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many other efforts focusing on reducing the bulk carrier contribution, we provide a new path to
manipulate the surface states in thin-film devices, increase the surface’s continuity and carrier
transportation ability, and emphasize the contributions of the surface state. This will increase
the carrier transportation and decrease the scattering loss on the surface of topological insulator,
thus improving the subsequent photoelectricity. Therefore, this method can also be employed
for other topological insulator films to obtain a smooth and grain boundary-free surface, thus
enhancing photoelectric properties.

This work focuses on a new strategy for improving the quality of topological insulator films.
As a matter of fact, with the help of optimizing laser parameters and other assisted modalities, the
photoelectric conversion efficiency can be further improved easily. For example, in a combination
of multiple laser scanning, the surface smoothness can be effectively optimized, or the laser
treatment of the sample in the vacuum environment can reduce particles sputtering on the surface.
Furthermore, the future design of special patterns with a fs-laser-induced-periodic-surface-
structures (LIPSS) method is also promising to enhance the optical absorption of Bi films. All
these approaches have opportunities to improve the performance of photoelectric devices.

3. Conclusion

In summary, we have demonstrated that the femtosecond laser processing can be employed as
an effective method to reform the Bi films, including two aspects of surface roughness and
grain boundary. With tunable laser parameters, not only the surface roughness of the films
can be continuously changed, but also the grain boundaries are eliminated simultaneously, thus
leading to the significant improvement of carrier transportation. Compared with the pristine
sample, the laser-treated Bi films have exhibited a two-fold increase of photoresponsivity for a
broadband range from the visible to MIR even at room temperature. In general, this method can
be further used for improving the quality of other topological insulators, which certainly promotes
the application of topological insulator materials in the field of ultra-broadband photoelectric
detection.

4. Experimental section

Bi films preparation: 300 nm thick Bi thin film over the SiO, substrate was fabricated via Direct
current (DC) magnetron sputtering. The base pressure in the sputter deposition chamber is
5% 107*Pa, and the high-purity Bi (99.99%) targets are sputtered in a pure Ar atmosphere.
During the sputtering process, the deposition parameters were set as follows: deposition rate: 2.5
AJs; pressure: 1 Pa. The deposition of Bi films was carried out at room temperature.

Fs laser processing parameters: A commercial Ti:sapphire femtosecond laser amplifier
(Spitfire Ace, Spectra Physics) was employed as a light source to deliver the linearly polarized
infrared (1 =800 nm) pulse trains with the repetition rate of 1 kHz, leading to a large time
interval of 1 ms between the two adjacent pulses. The pulse duration of the laser is 40 fs. The
energy of the laser pulses was finely adjusted by a combination of a half-wave plate with a
Glan-Taylor prism. Afterward, to provide a large spot with a less radical change of the intensity,
the laser beam was expanded to 30 mm diameter by a pair of convex and concave lenses and then
focused by a cylindrical lens (with a focal length f = 50 mm) into a line-shaped beam spot. The
measured spatial distribution of the focused laser spot using a CCD camera is 30 mm X 5 um in
the experiment. Under the fixed irradiation of fs lasers, the Bi film sample was mounted on a
computer-controlled X-Y-Z stage (XMS-100, Newport) to translate at a velocity of v=1 mm/s.
The efficient number of laser pulses per site is estimated Nog = 5. For the optimized laser fluence
per pulse 79 mJ/cm?, the integrated fluence is 395 mJ/cm?.

Device fabrication and photoresponse measurements: The Bi film was covered by a pair of
Ag (80 nm) electrodes using thermal evaporation process with deposition rates of 0.08 nm/s.
For wavelength-dependent measurements, in visible regime, a CW 532 nm laser is used for
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excitation, and the short-circuit PC signal was measured in ambient conditions with a Keithley
4200A semiconductor parametric analyzer (Tektronix) and a C-100 probe station (TPSi). For
MIR regime, two CW quantum cascade laser sources emitting at 4 and 10.6 um are used for
measurement. The MIR beams were focused by a 40x reflection objective lens. The laser beam
was modulated with a mechanical chopper, and the short-circuit PC signal was detected with a
current pre-amplifier and a lock-in amplifier.

Characterization: Optical images were obtained by KEYENCE VK-X200 3D laser scanning
microscope. AFM was obtained by BRUKER MULTIMODE 8. SEM characterizations were
performed with Hitachi S-4800. The GIXRD was characterized by BRUKER D8 Advance.
Raman and PL measurements (HORIBA Scientific Raman Spectrometer) were carried out
under the wavelength of 532 nm and 473 nm laser, respectively, with a 50x objective lens. The
absorption spectrum is obtained by Cary 5000 spectrophotometer (Agilent) for Vis-NIR and
Cary 630 (Agilent) for MIR.
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