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ABSTRACT

Cadmium arsenide (CdsAs,) is a three-dimensional Dirac semimetal with many unique electronic properties that are of interest for future
device applications. Here, we demonstrate field effect transistors using Cd;As, as the channel material. We show that current densities exceed
5 A/mm and that very low contact resistances can be achieved even in unoptimized device structures. These properties make Cd;As, of great
interest for future high-speed electronics. We report on the current modulation characteristics of field effect transistors as a function of tem-
perature. At low temperatures, the modulation exceeds 70%. We discuss material and device engineering approaches that can improve the

device performance at room temperature.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5103268

Three-dimensional topological semimetals promise numerous
opportunities for next-generation electronic and photonic devices. For
example, thin films of the three-dimensional Dirac semimetal
CdsAs,' * exhibit room temperatures mobilities of 20000 cm?/V's
(Ref. 5) and, at cryogenic temperatures, mobilities of up to 9 x 10°
cm?/V's have been reported in bulk crystals.” Moreover, reported
Fermi velocity values for CdsAs, are as high as 1.5 x 10° m/s.” This is
higher than that of most other Dirac semimetals and also exceeds the
saturation velocities of carriers in traditional semiconductors used in
radio frequency (RF) applications (see Table I). While a large Fermi
velocity is usually associated with a low density of states,” CdsAs, pos-
sesses two Dirac nodes (“valleys”) within the first Brillouin zone,
thereby effectively doubling the charge densities that can be accommo-
dated. Furthermore, Cd;As, can be integrated with conventional semi-
conductors in epitaxial heterostructures, using established thin film
deposition methods, such as molecular beam epitaxy (MBE).” These
properties make Cds;As, of great interest to future high-speed elec-
tronic devices, such as field effect transistors (FETs) that can exhibit
high current densities and transconductance, which are needed for
next-generation RF technologies.

To realize high-performance FETs with Cd;As, channels, many
additional materials and device parameters, such as contact resistances
and current modulation, are important and must be evaluated.
Moreover, to understand the device performance, the unique charac-
teristics of three-dimensional Dirac semimetals must be taken into

consideration. For example, while there is no bandgap in the bulk
material, the Dirac nodes become gapped in thin (<60 nm) CdsAs,
films.”'" Even if the bulk is gapped, however, CdsAs, still possesses
surface states that are inherent to the topological invariant." In
previous low-temperature transport studies, the two-dimensional
Dirac nature of these surface states was demonstrated.” '’ In thin
films, an electric field applied via a top gate is therefore expected to
mostly modulate the carriers in the surface states. In the present study,
we demonstrate FET's using thin, (112)-oriented Cd;As, channels. We
evaluate the FET characteristics and discuss materials and device
parameters that determine the FET performance.

Figure 1(a) shows a schematic of the heterostructures used in this
study, which consisted of thin (112)-oriented Cd;As, films, grown on
(111)GaAs substrates with a 130 nm-thick (111)GaSb buffer layer by
molecular beam epitaxy (MBE). Growth parameters, the film’s struc-
ture and materials properties have been reported elsewhere.”'' Unless
stated otherwise, the Cd;As, film thickness was 30 nm. Several differ-
ent types of devices were processed, including Hall bars, transmission
lines (TLM), and FETs. For all devices, the ohmic contacts consisted of
Au/Pt/Ti (200 nm/50 nm/50 nm) layers, which were deposited using
e-beam evaporation. Active device areas were isolated using Ar-ion
milling. Resistance and Hall measurements were carried using
100 um x 50 um Hall bar structures. For the FETs [see Fig. 1(b) for a
schematic], a 20 nm-thick aluminum gate oxide was deposited using
atomic layer deposition (ALD). Immediately before gate oxide
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TABLE 1. Fermi or saturation velocities for different topological materials and semi-
conductors reported in the literature.

Fermi or
saturation velocity
Material Material class (x10° m/s) References
Graphene 2D Dirac semimetal 1.05 19
CdsAs, 3D Dirac semimetal 1.5 3
Na3zBi 3D Dirac semimetal 0.425 20
TaAs Weyl semimetal 0.36 21
Bi,Ses 3D topological insulator 0.54 22
Bi,Te; 3D topological insulator 0.4 23
InAs Semiconductor 0.8 24
GaAs Semiconductor 0.1 25
InP Semiconductor 0.2 26
GaN Semiconductor 0.2 27

deposition, the sample surface was cleaned using the trimethylalumi-
num precursor, ~ which improved the gate leakage and carrier mobil-
ity. Due to the limited thermal stability of Cds;As,, ALD was
performed at a low temperature (120 °C), which limits the quality of
the gate oxide. Finally, Au/Pt/Ti (200 nm/50 nm/50 nm) metal layers
were deposited as gate contacts. Hall and transistor measurements as a
function of temperature were carried out in a Physical Property
Measurement System (Quantum Design Dynacool). The current-
voltage (I-V) characteristics were measured using a Keithley 4200A-
SCS parameter analyzer. Room temperature I-V and capacitance-
voltage (C-V) measurements were carried out using semiconductor
parameter analyzers (HP 4155B and HP B1500A, respectively).

At room temperature, the sheet carrier density was
1.5 % 10"*cm™2 and the Hall mobility was 4000 cm*/V's for devices
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FIG. 1. (a) Schematic of the heterostructure. (b) Schematic of a CdzAs, channel
FET. (c) Temperature dependence of the sheet carrier densities determined from
the Hall effect and extracted mobility. (d) Proposed schematic of the relevant elec-
tronic states.
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without a gate oxide. As shown in Fig. 1(c), carrier freeze out was
observed upon lowering the temperature, while below 80 K, the carrier
density became independent of the temperature. Following our earlier
studies, the thermally activated carriers are ascribed to bulk carriers,
while the carrier density in the gapless surface states is relatively inde-
pendent of the temperature.”” Figure 1(d) presents a schematic band
picture for this case. Figure 1(c) also shows that the sheet carrier den-
sity increases by ~2.5 x 10'*cm™? after ALD, similar to our previous
observation'” (also see the supplementary material for more detailed
information). Most of these excess carriers do not freeze out, indicat-
ing that they mostly reside in the surface states.

Figure 2(a) shows TLM data from two Cd;As, films having dif-
ferent thicknesses. The 65-nm-film showed a very low contact resis-
tance (R.) of 0.34 Q mm. The higher contact resistance of the thinner
(30 nm) film (1.15 Q mm) is expected, because of the lower sheet car-
rier density. We note that there are multiple approaches that are com-
monly used to reduce contact resistances in devices, such as
optimizing ohmic metal stacks, anneals, gate-recessed device struc-
tures, and selective doping of source and drain regions, all of which
can be implemented for Cd;As, FETs as well. Figure 2(b) shows two
terminal I-V characteristics of a 30-nm-thick film. The current density
exceeds 5 A/mm at a carrier density 5x 10'>cm 2. Such extremely
high current densities are of great interest for future high frequency
transistors.

Figure 3(a) shows an optical micrograph of a FET. The drain-
current vs gate voltage (In-Vg) characteristics are shown in Fig. 3(b).
The current density is 0.5A/mm and increasing Vp will further
increase Ip because the transistor is still operating in the linear region.
The current modulation, however, is only 10% for this particular
device.

To understand the factors limiting current modulation, Fig. 3(c)
shows the Ip-Vg characteristics of a long channel (300 um) device at
different temperatures (2 K to 300 K). The current modulation increases
significantly when the temperature is decreased. In addition, at low
temperatures, the In-Vg characteristics show an upturn at negative
bias, consistent with accumulation of holes when the Fermi level crosses
the Dirac point of the surface states.'” Due to the lower hole mobility,"”
the upturn is quite small. High magnetic field Hall measurements pro-
vide further evidence for holes at negative voltages (see the supplemen-
tary material). The signatures of hole carriers vanish above 80 K, which
is the temperature when thermally excited bulk carriers start to over-
whelm the transport.
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FIG. 2. (a) TLM data used for determining the contact and sheet resistances (Rsp),
which are given in the legend for two samples with different CdsAs, thicknesses.
Rssp is the specific contact resistance. (b) Two terminal |-V measurements per-
formed on a 30-nm-thick Cd3As; film.
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FIG. 3. (a) Optical micrograph of a CdzAs, FET. The gate length (Lg) is 3 um, the source-drain separation is 8 um, and the width of the channel is 2 um. (b) Ip-V characteris-
tics of a FET measured at 300 K. (c) Ip-V¢ characteristics of a FET with Ly = 300 um as a function of temperature. (d) and (e) /5-Vp characteristics at 300K and 2K of a FET
with Ly =300 um. (f) Temperature dependence of the current modulation of CdsAs, FETs with different gate lengths.

Figures 3(d) and 3(e) show the I-V, characteristics of the same
device measured at 300K and 2K, respectively. The device perfor-
mance markedly improves as the temperature is lowered. The absence
of saturation of I, is consistent with the expectation for gapless Dirac
surface states. Figure 3(f) summarizes the current modulation at differ-
ent temperatures. The longer channel device shows a higher current
modulation, which reaches 70% at 2K. The current modulation
remains high up to 80 K and then decreases.

The results suggest that one of the main causes for the low cur-
rent modulation at high temperatures is the thermal activation of bulk
carriers. The gapless Dirac surface states screen the applied electric
field and limit the modulation of the bulk carriers by V. Below 80K,
the contribution of the bulk carriers is minimized, a large current
modulation can be achieved, and Vg tunes the Fermi level through the
Dirac point of the surface states. The current modulation is further-
more affected by traps at the interface between the low temperature
ALD oxide and the Cd;As, channel. Specifically, the amount of charge
modulated in the capacitance-voltage (C-V) measurements is much
higher than the current modulation (see the supplementary material).
This shows that a substantial fraction of V5 modulates the charge
trapped in the interface states rather than the charge in the channel.
Charge traps at the interface or near the interface region give rise to
the hysteresis seen in Fig. 3(b).

The results point to specific steps that can be taken to improve
the room temperature performance of Cd;As,-based FETs. The main
challenge that needs to be addressed is the low current modulation.
One approach is to use thinner channels, which lower the bulk carrier

density by increasing the bulk gap. The bulk bandgap can also be
increased by epitaxial strain. Furthermore, to improve current modu-
lation, the oxide-film interface needs to be optimized to reduce the
high trap densities that are associated with the low temperature ALD
process that was used here. These two steps for improving modulation
promise a large benefit for the figure of merit of RF devices. For exam-
ple, a modest improvement in the room temperature current modula-
tion (to about 30%-50%) over the present results could lead to large
improvements of the cut-off frequency, even without a gap, as has
been shown for graphene devices.'*'” For very thin films, gaps can
also be obtained in the surface states.'” This reduces screening by the
surface carriers and should also allow for Cds;As, FETSs to reach satura-
tion and turn off.

In summary, Cd;As, FETs show extremely high current den-
sities and low contact resistances, which are very promising for RF
applications. Gapless surface states, residual bulk carriers, and
high trap densities at the interface with a low-quality dielectric lim-
ited the current modulation. The tunability of the electronic states
of three-dimensional Dirac semimetals affords numerous possible
approaches to overcome these limitations, some of which we have
suggested here.

See the supplementary material for data showing the influence of
pre-ALD surface treatments, results from C-V measurements, FET
transconductance data, a discussion of the influence of lateral fields on
the FET performance, and results from Hall measurements at larger
magnetic fields.

Appl. Phys. Lett. 115, 062101 (2019); doi: 10.1063/1.5103268
Published under license by AIP Publishing

115, 062101-3


https://doi.org/10.1063/1.5103268#suppl
https://doi.org/10.1063/1.5103268#suppl
https://scitation.org/journal/apl

Applied Physics Letters

This research was supported by the U.S. Army Research Office
(Grant No. W911NF-16-1-0280) and the SRC/DARPA funded
JUMP program (Task ID 2778.032). This work made use of the
MRL Shared Experimental Facilities, which are supported by the
MRSEC Program of the U.S. National Science Foundation under
Award No. DMR 1720256.

REFERENCES

1Z.]. Wang, H. M. Weng, Q. S. Wu, X. Dai, and Z. Fang, “Three-dimensional
Dirac semimetal and quantum transport in Cds;As,,” Phys. Rev. B 88, 125427
(2013).

2g, Borisenko, Q. Gibson, D. Evtushinsky, V. Zabolotnyy, B. Buchner, and R. J.
Cava, “Experimental realization of a three-dimensional Dirac semimetal,”
Phys. Rev. Lett. 113, 027603 (2014).

3M. Neupane, S. Y. Xu, R. Sankar, N. Alidoust, G. Bian, C. Liu, I. Belopolski, T.
R. Chang, H. T. Jeng, H. Lin, A. Bansil, F. Chou, and M. Z. Hasan,
“Observation of a three-dimensional topological Dirac semimetal phase in
high-mobility Cd;As,,” Nat. Commun. 5, 3786 (2014).

“Z.K. Liu, J. Jiang, B. Zhou, Z. J. Wang, Y. Zhang, H. M. Weng, D. Prabhakaran,
S.-K. Mo, H. Peng, P. Dudin, T. Kim, M. Hoesch, Z. Fang, X. Dai, Z. X. Shen, D.
L. Feng, Z. Hussain, and Y. L. Chen, “A stable three-dimensional topological
Dirac semimetal CdsAs,,” Nat. Mater. 13, 677-681 (2014).

ST. Schumann, M. Goyal, H. Kim, and S. Stemmer, “Molecular beam epitaxy of
Cd;As; on a III-V substrate,” APL Mater. 4, 126110 (2016).

°T. Liang, Q. Gibson, M. N. Ali, M. H. Liu, R. J. Cava, and N. P. Ong,
“Ultrahigh mobility and giant magnetoresistance in the Dirac semimetal
CdsAs,,” Nat. Mater. 14, 280-284 (2015).

7M. V. Fischetti, L. Wang, B. Yu, C. Sachs, P. M. Asbeck, Y. Taur, and M.
Rodwell, in 2007 IEEE International Electron Devices Meeting (2007), p.
109-112.

8T. Schumann, L. Galletti, D. A. Kealhofer, H. Kim, M. Goyal, and S. Stemmer,
“Observation of the quantum Hall effect in confined films of the three-
dimensional Dirac semimetal Cd;As,,” Phys. Rev. Lett. 120, 016801 (2018).

M. Goyal, L. Galletti, S. Salmani-Rezaie, T. Schumann, D. A. Kealhofer, and S.
Stemmer, “Thickness dependence of the quantum Hall effect in films of the
three-dimensional Dirac semimetal Cd;As,,” APL Mater. 6, 026105 (2018).

TOL. Galletti, T. Schumann, O. F. Shoron, M. Goyal, D. A. Kealhofer, H. Kim, and
S. Stemmer, “Two-dimensional Dirac fermions in thin films of Cd;As,,” Phys.
Rev. B 97, 115132 (2018).

T, Schumann, M. Goyal, D. A. Kealhofer, and S. Stemmer, “Negative magneto-
resistance due to conductivity fluctuations in films of the topological semimetal
Cd;As,,” Phys. Rev. B 95, 241113 (2017).

12y, Chobpattana, J. Son, J. J. M. Law, R. Engel-Herbert, C. Y. Huang, and S.
Stemmer, “Nitrogen-passivated dielectric/InGaAs interfaces with sub-nm
equivalent oxide thickness and low interface trap densities,” Appl. Phys. Lett.
102, 022907 (2013).

ARTICLE scitation.org/journal/apl

135. Jeon, B. B. Zhou, A. Gyenis, B. E. Feldman, 1. Kimchi, A. C. Potter, Q. D.
Gibson, R. J. Cava, A. Vishwanath, and A. Yazdani, “Landau quantization and
quasiparticle interference in the three-dimensional Dirac semimetal Cd;As,,”
Nat. Mater. 13, 851-856 (2014).

'4Y. M. Lin, A. Valdes-Garcia, 8. J. Han, D. B. Farmer, L. Meric, Y. N. Sun, Y. Q.
Wuy, C. Dimitrakopoulos, A. Grill, P. Avouris, and K. A. Jenkins, “Wafer-scale
graphene integrated circuit,” Science 332, 1294-1297 (2011).

153, J. Han, A. V. Garcia, S. Oida, K. A. Jenkins, and W. Haensch, “Graphene
radio frequency receiver integrated circuit,” Nat. Commun. 5, 3086 (2014).

16Y. Wu, X. M. Zou, M. L. Sun, Z. Y. Cao, X. R. Wang, S. Huo, J. J. Zhou, Y.
Yang, X. X. Yu, Y. C. Kong, G. H. Yu, L. Liao, and T. S. Chen, “200 GHz maxi-
mum oscillation frequency in CVD graphene radio frequency transistors,” ACS
Appl. Mater. Interfaces 8, 25645-25649 (2016).

7R. Cheng, J. W. Bai, L. Liao, H. L. Zhou, Y. Chen, L. X. Liu, Y. C. Lin, S. Jiang,
Y. Huang, and X. F. Duan, “High-frequency self-aligned graphene transistors
with transferred gate stacks,” Proc. Natl. Acad. Sci. 109, 11588-11592 (2012).

18A. Narayan, D. Di Sante, S. Picozzi, and S. Sanvito, “Topological tuning in
three-dimensional Dirac semimetals,” Phys. Rev. Lett. 113, 256403 (2014).

¥D. C. Elias, R. V. Gorbachev, A. S. Mayorov, S. V. Morozov, A. A. Zhukov, P.
Blake, L. A. Ponomarenko, I. V. Grigorieva, K. S. Novoselov, F. Guinea, and A.
K. Geim, “Dirac cones reshaped by interaction effects in suspended graphene,”
Nat. Phys. 7, 701-704 (2011).

207, K. Liu, B. Zhou, Y. Zhang, Z. J. Wang, H. M. Weng, D. Prabhakaran, S. K.
Mo, Z. X. Shen, Z. Fang, X. Dai, Z. Hussain, and Y. L. Chen, “Discovery of a
three-dimensional topological Dirac semimetal, Na3Bi,” Science 343, 864-867
(2014).

21X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang, H. Liang, M. Xue, H.
Weng, Z. Fang, X. Dai, and G. Chen, “Observation of the chiral-anomaly-
induced negative magnetoresistance in 3D Weyl semimetal TaAs,” Phys. Rev. X
5,031023 (2015).

22K, Kuroda, M. Arita, K. Miyamoto, M. Ye, J. Jiang, A. Kimura, E. E. Krasovski,
E. V. Chulkov, H. Iwasawa, T. Okuda, K. Shimada, Y. Ueda, H. Namatame,
and M. Taniguchi, “Hexagonally deformed Fermi surface of the 3D topological
insulator Bi,Ses,” Phys. Rev. Lett. 105, 076802 (2010).

2D, X. Qu, Y. S. Hor, J. Xiong, R. J. Cava, and N. P. Ong, “Quantum oscillations
and Hall anomaly of surface states in the topological insulator Bi,Tes,” Science
329, 821-824 (2010).

24K, Brennan and K. Hess, “High field transport in GaAs, InP and InAs,” Solid-
State Electron. 27, 347-357 (1984).

251, . Blakemore, “Semiconducting and other major properties of gallium arsen-
ide,” J. Appl. Phys. 53, R123-R181 (1982).

26T, Gonzalez Sanchez, J. E. Velazquez Perez, P. M. Gutierrez Conde, and D.
Pardo Collantes, “Electron transport in InP under high electric field con-
ditions,” Semicond. Sci. Technol. 7, 31 (1992).

27]. D. Albrecht, R. P. Wang, P. P. Ruden, M. Farahmand, and K. F. Brennan,
“Electron transport characteristics of GaN for high temperature device mod-
eling,” J. Appl. Phys. 83, 4777-4781 (1998).

Appl. Phys. Lett. 115, 062101 (2019); doi: 10.1063/1.5103268
Published under license by AIP Publishing

115, 062101-4


https://doi.org/10.1103/PhysRevB.88.125427
https://doi.org/10.1103/PhysRevLett.113.027603
https://doi.org/10.1038/ncomms4786
https://doi.org/10.1038/nmat3990
https://doi.org/10.1063/1.4972999
https://doi.org/10.1038/nmat4143
https://doi.org/10.1103/PhysRevLett.120.016801
https://doi.org/10.1063/1.5016866
https://doi.org/10.1103/PhysRevB.97.115132
https://doi.org/10.1103/PhysRevB.97.115132
https://doi.org/10.1103/PhysRevB.95.241113
https://doi.org/10.1063/1.4776656
https://doi.org/10.1038/nmat4023
https://doi.org/10.1126/science.1204428
https://doi.org/10.1038/ncomms4086
https://doi.org/10.1021/acsami.6b05791
https://doi.org/10.1021/acsami.6b05791
https://doi.org/10.1073/pnas.1205696109
https://doi.org/10.1103/PhysRevLett.113.256403
https://doi.org/10.1038/nphys2049
https://doi.org/10.1126/science.1245085
https://doi.org/10.1103/PhysRevX.5.031023
https://doi.org/10.1103/PhysRevLett.105.076802
https://doi.org/10.1126/science.1189792
https://doi.org/10.1016/0038-1101(84)90168-0
https://doi.org/10.1016/0038-1101(84)90168-0
https://doi.org/10.1063/1.331665
https://doi.org/10.1088/0268-1242/7/1/006
https://doi.org/10.1063/1.367269
https://scitation.org/journal/apl

	f1
	f2
	t1
	f3
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27



