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In this Letter, we demonstrate an electrically contacted
saturable absorber (SA) device based on topological Dirac
semimetal Cd3As2. With a current-induced temperature
change in the range of 297–336 K, the modulation depth
of the device is found to be significantly altered from 33%
to 76% (under the irradiation of a 1560 nm femtosecond
laser). The broad tuning of the modulation depth is attrib-
uted to the strong temperature dependence of the carrier
concentration close to room temperature. The simple
tuning mechanism uncovered here, together with the com-
patibility with III-V compounds substrate, such as GaAs,
points to the potential of fabricating broadband, electrically
tunable, SESAM-like devices based on emerging bulk Dirac
materials. © 2019 Optical Society of America

https://doi.org/10.1364/OL.44.000582

Semiconductor saturable absorber mirrors (SESAMs) are
widely used as the optical switching devices for picosecond and
femtosecond pulse generation [1–3]. In particular, the ease of
customizing their various optical properties (including recovery
time, modulation depth, and saturation fluence) has made
SESAMs one of the most viable solutions for commercial ultra-
fast fiber and solid-state lasers [3,4]. In addition to property
control via engineering material compositions, defects, and res-
onant structures, SESAMs offer the promising prospect of in-
tegrated electrical control of its various optical characteristics,
making it an ideal device for in-depth investigation of mode-
locking dynamics and optimizing mode-locked regimes with
desirable figures of merit [5–8]. However, due to the use of
conventional III-V compounds, the current SESAM technol-
ogy is still limited in terms of access to the long wavelength
range [9]. In addition, to achieve active control of the device,
rather sophisticated quantum structures have to be fabricated,
which limit its prevalent use in practical systems [6,7,10].

Therefore, the quest for new materials that can enable extended
spectral coverage, as well as simpler parameter control schemes,
is still on.

Three-dimensional Dirac semimetal material cadmium
arsenide (Cd3As2) has emerged as a novel material for a range
of electronic and optical devices [11–14]. In particular, molecu-
lar beam epitaxy (MBE) grown Cd3As2 has recently been
identified as a capable broadband optical switching material
[15–17]. Indeed, pulsed operation across a 1–3 μm range has
been demonstrated, with a strong nonlinear optical response
measured up to 6 μm. What is remarkable about this emerging
Dirac quantum material is that the photocarrier lifetime of
Cd3As2 thin film, an important parameter that is closely related
to mode-locking dynamics can be flexibly and accurately con-
trolled by an element-doping approach [15]. It would be highly
desirable if the absorption features, particularly the modulation
depth, could also be tailored [18,19]. Combining fine control
of both the temporal and the absorptive features of a saturable
absorber (SA) would allow unmatched flexibility in studying
the rather complex mode-locking dynamics, especially those
within a semiconductor laser, where transient effects from both
the gain medium and the absorber have to be considered [10].
Furthermore, active real-time adjustment of nonlinear param-
eters of real SAs will open more space for optimizing mode-
locked regimes in a designated laser and may impact the design
paradigm of ultrafast lasers [20,21].

In this Letter, we have for the first time, to the best of our
knowledge, fabricated an electrically contacted SA device with a
Cd3As2 layer directly deposited on an undoped GaAs substrate,
and investigated its nonlinear absorption features, i.e., absorb-
ance as a function of incident light fluence, in the near-infrared
range. Surprisingly, it is found that with a simple current-
induced temperature change, the modulation depth of the
Cd3As2 SA device can be significantly tuned at the investigated
wavelength of 1560 nm. We also probed the transient dynam-
ics of Cd3As2 under different temperatures and found that the
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temporal response, however, does not exhibit sensitive depend-
ence on the temperature. Our results suggest it is possible
to combine different technical approaches to independently
control the two most important optical characteristics of Dirac
semimetal-based SAs and point out that there is rich photo-
physics associated with this emerging class of quantum
materials.

The Cd3As2 thin film, with a thickness of about 30 nm, was
grown on an undoped GaAs substrate using a standard MBE
[15]. The thickness of the GaAs substrate is about 350 μm.
Two gold electrodes separated by approximately 1 mm were
deposited on the Cd3As2 thin film using electron-beam evapo-
ration. The schematic diagram and microscope photograph of
the SA device are shown in Figs. 1(a) and 1(b). The lateral di-
mension of the device is about 15 mm × 10 mm. A small-
signal transmission spectrum of the SA device is shown in
Fig. 1(c). In the wavelength range from 900 to 2100 nm, the
transmissivity of the device is about 30% and remains almost
independent with wavelength. According to the previous liter-
ature [22,23], the transmissivity of Cd3As2 can remain almost
constant from 900 nm to 10 μm,which indicated that the device
can work in the whole near- and mid-infrared spectral range.
The broadband, constant transmissivity results from the gapless
band structure and linear dispersion of Cd3As2, while the
transmissivity approaches zero with a wavelength shorter than
900 nm because of the strong absorption of the GaAs substrate.

Then we characterized the nonlinear absorption parameters
of the electrically contacted Cd3As2 SA device using the typical
two-arm transmission measurement [24,25]. The incident light
is provided by a mode-locked femtosecond fiber laser (Rainbow
1550, NPI Lasers Inc.) operating at a center wavelength of
1560 nm, with a repetition rate of 50 MHz. The pulse duration
right before the sample is measured to be approximately 150 fs.
The laser output is focused by a lens on the surface of the
Cd3As2 film between the two gold electrodes. The pump flu-
ence of the laser was tuned between 0.16 MW∕cm2 and
84 MW∕cm2 using a digital variable attenuator (OZ Optics
Inc.) operating at 1560 nm. The reflected and transmitted light

was measured with a pair of calibrated power meters. In the
reflectivity measurements, the gold electrodes were used as
the reference for absolute calibration of the reflectivity [10].
In order to alter the device temperature, different electric cur-
rents in the range of 0–50 mA are applied to the device via the
two gold electrodes. The temperature of the Cd3As2 channel
(area in between the electrodes) was measured using a high-
precision infrared thermometer (875-1i, Testo Inc.), and the
relationship between the temperature of the Cd3As2 device
and the electric current is shown in Fig. 2. It would take ap-
proximately 2 min for the device to fully reach thermal equi-
librium after ramping up the current and, once equilibrium is
established, the temperature would be stabilized and locked to a
specific current value, which indicates that the status of the de-
vice can be reliably addressed by the electric current. The device
is found to be thermally damaged with a current of ∼60 mA;
therefore, we limit the current to 50 mA, and this corresponds
to a temperature change from 297 to 336 K, a range of about
40 deg.

The dependence of the nonlinear absorption α on the pump
fluence Fp at different values of temperature is shown in
Fig. 3(a). At any fixed temperature, the absorption of the device
is observed to drop with the increase of the pump fluence
and reach full saturation at a relatively high pump fluence
(∼10 MW∕cm2), which is expected for SA behavior. With
the increasing of the temperature of the electrically contacted
Cd3As2 device, the absorption increases dramatically for small
pump fluence (<1 MW∕cm2), while remaining almost con-
stant for a high pump fluence. In Fig. 3(b), we illustrate the
dependency of α on temperature by plotting the value of α
for the weakest and the strongest pump fluences. At the weakest
pump fluence, α clearly increases linearly with the temperature
of the device (from 51.4% to 93.0%). At the strongest pump
fluence, α remains nearly unchanged with a value around
17.8% (�0.5%), which means that the temperature does
not influence the saturated absorption of the device dramati-
cally. In order to rule out effects from the substrate, we also
measured the absorption of the GaAs substrate using the same
setup. The GaAs substrate shows no saturable absorption

Fig. 1. (a) Schematic of a Cd3As2 SA device. (b) Photograph of a
Cd3As2 SA device. (c) Small-signal linear transmission spectrum of the
Cd3As2 SA device at room temperature.

Fig. 2. (Top left panel): Photograph of the real device bound to a
PCB board. A hole in the board allows both reflectivity and transmis-
sivity measurements of the Cd3As2 film. (Other panels): Illustration of
the change of the channel temperature, as the current is increased from
10 (300 K) to 30 mA (314 K) and further to 50 mA (336 K).
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behavior and shows a constant absorption around 4% at
1560 nm, indicating that the observed nonlinear response is
from the Cd3As2 film. The dependency of the modulation
depth, or Δα, on temperature is shown in Fig. 3(c).
Apparently, Δα is predominantly determined by the values
of α at a small pump fluence. The absolute modulation depth
is seen to change from 33.4% to 75.9%.

We further measured the nonlinear absorption curves while
the device is in the cooling process. Immediately after the cur-
rent is turned off, the saturable absorption exhibits almost the
same nonlinear absorption curve as the current, which means
that the presence of the electric current is not the physical ori-
gin for the observed change in the small-signal absorption. In
several consecutive measurements taken 2–4 min after the
current source is turned off, the saturable absorption behavior
of the device is seen to gradually return to the initial state at
room temperature. These measurements clearly prove that the
tunability of the device characteristics is of a thermal nature.

To reveal potential impact on the transient behavior of
the device, the recovery times of the Cd3As2 SA device under
different temperatures were also investigated with nondegener-
ate pump-probe spectroscopy. The samples were pumped at
800 nm and probed at 2 μm, and heated by applying the elec-
tric current. In Fig. 4(a), the dependency of transient transmis-
sion ΔT ∕T on time delays is shown for different values of
temperature. It is clearly seen that the magnitude of the tran-
sient transmission signal decreases appreciably with increasing
T . Such a signature means that for the high temperature re-
gime, relatively fewer states are occupied for the upper states
corresponding to the probe photon transitions. On the other
hand, the recovery time is seen to only change slightly under
different temperatures (in a range of 6.1–8.8 ps). This is desir-
able, as it suggests such a thermal approach can be used to se-
lectively control only the modulation depth feature of the SA
devices.

While elucidating the underlying mechanism for modula-
tion depth tuning involves a detailed understanding of the
selection rules, as well as the initial ultrafast thermalization dy-
namics for such an emerging Dirac system, we believe two fac-
tors may play a major role here. First, when the pump fluence is
low, the relaxation of carriers is dominated by electron-phonon
(e-p) scattering, as for the case of graphene [16,26]. With the
temperature rising, the phonon number density will increase,
leading to stronger e-p scattering, which contributes to faster
emptying of electrons in the excited states. According to the
report in Ref. [27], light absorption can be enhanced if the
excited state can already be emptied during the pump pulse
[27]. Secondly, transport experiments carried out on samples
with similar thicknesses suggest that the carrier concentration
of Cd3As2 film almost doubles, i.e., from 4.5 × 1017 to
7.5 × 1017 cm−3, when the temperature increases from room
temperature to 350 K. As the device is based on n-type
Cd3As2, the Fermi level will be raised slightly with the increas-
ing carrier concentration. With a higher Fermi level, the excited
state will be closer to the Fermi level, therefore facilitating faster
relaxation of excited electrons through electron-electron (e-e)
scattering [16]. This is consistent with literature where faster
relaxation of photocarriers is observed in graphene with an
increasing Fermi level [27,28].

Fig. 3. (a) Absorption of the Cd3As2 SA device as a function of the
pump fluence, under different values of temperature in the range
of 297–336 K. (b) Absorption of the Cd3As2 SA device at pump flu-
ences of 0.16 and 84.33 MW/cm2, as a function of temperature.
(c) Modulation depth of the Cd3As2 SA device as a function of
temperature.

Fig. 4. Time-resolved transient transmission of Cd3As2 SA device
under different values of temperature in the range of 297–336 K.
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The small-signal transmission spectrum was also experimen-
tally verified with a home-built amplified spontaneous emission
(ASE) light source, which emits across 1525 to 1560 nm. As
shown in Fig. 5, the transmissivity of the device remains con-
stant as a function of wavelength, which agrees with the linear
dispersion of Cd3As2. Because the ASE source is a continuous-
wave light with much wider spectrum, the transmissivity is ex-
pected to be qualitatively similar to the nonlinear absorption
measurement (using femtosecond pulses) at a weaker pump flu-
ence. Indeed, as the temperature is increased, the reduction of
transmissivity was observed for all wavelengths of the spectra
(power of ASE ∼ 3 mW ), and this again confirms that the
changes of modulation depth are largely determined by the ab-
sorption at a weaker pump fluence. However, the reduction of
transmissivity measured by ASE was not as strong as that mea-
sured by a femtosecond laser, which is consistent with the
physical picture that the small-signal absorption change is
fundamentally linked with a transient effect.

In conclusion, we have demonstrated a parameter tunable
SA device based on electrically contacted Cd3As2 thin film
deposited on a GaAs substrate. The modulation depth of the
as-fabricated device can be tuned in a wide range from 33.4%
to 75.9% with the current-induced temperature changing from
297 to 336 K. Such an unprecedented capability, achieved with
a simple planar structure, is highly desirable to the investigation
of mode-locking dynamics in a range of laser platforms.
For example, it would be useful to employ such a device for
actively controlling the laser pulsation regimes (mode-locked/
Q-switched), as well as studying the dependence of various fig-
ures of merit (i.e., self-starting performance) on absorber
modulation depth. We attribute the observed effects to the
temperature-induced stronger e-p scattering and higher carrier
concentration, which both contribute to the faster emptying of
electrons in the excited states. Combined with the broadband
feature of Dirac semimetal Cd3As2, we expect the proposed
electrically contacted SA device to enable a range of new fun-
damental explorations of ultrafast lasers, especially those oper-
ating in the mid-infrared to terahertz.

Funding. National Key R&D Program of China
(2017YFA0206304); National Basic Research Program of
China (2014CB921101); National Natural Science Foundation
of China (NSFC) (61378025, 61427812, 61775093); “Jiangsu

Shuangchuang Team” Program Natural Science Foundation of
Jiangsu Province (BK20140612, BK20170012); Innovative
Team of Jiangsu Province.

Acknowledgment. The authors are grateful for stimulat-
ing discussions with Professor D. Sun.

†These authors contributed equally to this Letter.

REFERENCES

1. U. Keller, D. A. B. Miller, G. D. Boyd, T. H. Chiu, J. F. Ferguson, and
M. T. Asom, Opt. Lett. 17, 505 (1992).

2. C. Hönninger, G. Zhang, U. Keller, and A. Giesen, Opt. Lett. 20, 2402
(1995).

3. U. Keller, K. J. Weingarten, F. X. Kärtner, D. Kopf, B. Braun, I. D. Jung,
R. Fluck, C. Hönninger, N. Matuschek, and J. Aus der Au, IEEE J. Sel.
Top. Quantum Electron. 2, 435 (1996).

4. U. Keller, Nature 424, 831 (2003).
5. L. R. Brovelli, U. Keller, and T. H. Chiu, J. Opt. Soc. Am. B 12, 311

(1995).
6. D. B. Malins, A. Gomez-Iglesias, S. J. White, W. Sibbett, A. Miller, and

E. U. Rafailov, Appl. Phys. Lett. 89, 171111 (2006).
7. S. A. Zolotovskaya, K. G. Wilcox, A. Abdolvand, D. A. Livshits, and

E. U. Rafailov, IEEE Photonics Technol. Lett. 21, 1124 (2009).
8. C. Crombie, D. A. Walsh, W. Lu, S. Zhang, Z. Zhang, K. Kennedy, S.

Calvez, W. Sibbett, and C. T. A. Brown, Opt. Express 20, 18138
(2012).

9. BATOP GmbH company, “SAM product list,” http://www.batop.
de/products/saturable-absorber/saturable-absorber-mirror/saturable-
absorber-mirror.html.

10. X. Liu, E. U. Rafailov, D. Livshits, and D. Turchinovich, Appl. Phys.
Lett. 97, 051103 (2010).

11. L. Dai, Y. Zhang, X. Guo, Y. Zhao, S. Liu, and H. Zhang, Opt. Mater.
Express 8, 3238 (2018).

12. H. Chen, H. Zhang, M. Liu, Y. Zhao, X. Guo, and Y. Zhang, Opt. Mater.
Express 7, 3397 (2017).

13. Y. Su, Q. Lin, X. Zhai, X. Luo, and L. Wang, Opt. Mater. Express 8,
884 (2018).

14. Y. Jiang, X. Wan, J. Wang, and J. Wang, IEEE Photonics J. 10,
4600607 (2018).

15. C. Zhu, F. Wang, Y. Meng, X. Yuan, F. Xiu, H. Luo, Y. Wang, J. Li, X.
Lv, L. He, Y. Xu, J. Liu, C. Zhang, Y. Shi, R. Zhang, and S. Zhu, Nat.
Commun. 8, 14111 (2017).

16. W. Lu, S. Ge, X. Liu, H. Lu, C. Li, J. Lai, C. Zhao, Z. Liao, S. Jia, and D.
Sun, Phys. Rev. B 95, 024303 (2017).

17. Y. Meng, C. Zhu, Y. Li, X. Yuan, F. Xiu, Y. Shi, Y. Xu, and F. Wang,
Opt. Lett. 43, 1503 (2018).

18. F. Wang, F. Torrisi, Z. Jiang, D. Popa, T. Hasan, Z. Sun, W. Cho, and
A. C. Ferrari, in Conference on Lasers and Electro-Optics (CLEO)
(2012), paper JW2A.72.

19. J. Wang, Z. Cai, P. Xu, G. Du, F. Wang, S. Ruan, Z. Sun, and T.
Hasan, Opt. Express 23, 9947 (2015).

20. R. I. Woodward and E. J. R. Kelleher, Sci. Rep. 6, 37616 (2016).
21. R. I. Woodward and E. J. R. Kelleher, Opt. Lett. 42, 2952 (2017).
22. L. Zdanowicz, Phys. Status Solidi B 20, 473 (1967).
23. D. Neubauer, J. P. Carbotte, A. A. Nateprov, A. Lohle, M. Dressel, and

A. V. Pronin, Phys. Rev. B 93, 121202 (2016).
24. V. Scardaci, A. G. Rozhin, P. H. Tan, F. Wang, I. H. White, W. I. Milne,

and A. C. Ferrari, Phys. Status Solidi B 244, 4303 (2007).
25. F. Wang, A. G. Rozhin, Z. Sun, V. Scardaci, F. Hennrich, I. H. White,

W. I. Milne, and A. C. Ferrari, Phys. Status Solidi B 245, 2319 (2008).
26. T. Winzer, A. Knorr, M. Mittendorff, S. Winnerl, M. Lien, D. Sun, T. B.

Norris, M. Helm, and E. Malic, Appl. Phys. Lett. 101, 221115 (2012).
27. J. C. Johannsen, S. Ulstrup, A. Crepaldi, F. Cilento, M. Zacchigna,

J. A. Miwa, C. Cacho, R. T. Chapman, E. Springate, F. Fromm, C.
Raidel, T. Seyller, P. D. C. King, F. Parmigiani, M. Grioni, and P.
Hofmann, Nano Lett. 15, 326 (2014).

28. F. Kadi, T. Winzer, A. Knorr, and E. Malic, Sci. Rep. 5, 16841 (2015).

Fig. 5. Small-signal transmissivity spectra of the Cd3As2 SA device
under different values of temperature in the range of 297–333 K.

Letter Vol. 44, No. 3 / 1 February 2019 / Optics Letters 585

https://doi.org/10.1364/OL.17.000505
https://doi.org/10.1364/OL.20.002402
https://doi.org/10.1364/OL.20.002402
https://doi.org/10.1109/2944.571743
https://doi.org/10.1109/2944.571743
https://doi.org/10.1038/nature01938
https://doi.org/10.1364/JOSAB.12.000311
https://doi.org/10.1364/JOSAB.12.000311
https://doi.org/10.1063/1.2369818
https://doi.org/10.1109/LPT.2009.2023225
https://doi.org/10.1364/OE.20.018138
https://doi.org/10.1364/OE.20.018138
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
http://www.batop.de/products/saturable-absorber/saturable-absorber-mirror/saturable-absorber-mirror.html
https://doi.org/10.1063/1.3474799
https://doi.org/10.1063/1.3474799
https://doi.org/10.1364/OME.8.003238
https://doi.org/10.1364/OME.8.003238
https://doi.org/10.1364/OME.7.003397
https://doi.org/10.1364/OME.7.003397
https://doi.org/10.1364/OME.8.000884
https://doi.org/10.1364/OME.8.000884
https://doi.org/10.1109/JPHOT.2018.2866281
https://doi.org/10.1109/JPHOT.2018.2866281
https://doi.org/10.1038/ncomms14111
https://doi.org/10.1038/ncomms14111
https://doi.org/10.1103/PhysRevB.95.024303
https://doi.org/10.1364/OL.43.001503
https://doi.org/10.1364/OE.23.009947
https://doi.org/10.1038/srep37616
https://doi.org/10.1364/OL.42.002952
https://doi.org/10.1002/pssb.19670200208
https://doi.org/10.1103/PhysRevB.93.121202
https://doi.org/10.1002/pssb.200776194
https://doi.org/10.1002/pssb.200879632
https://doi.org/10.1063/1.4768780
https://doi.org/10.1021/nl503614v
https://doi.org/10.1038/srep16841

	XML ID funding

