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The authors report on fabrication and measurement of traveling-wave photomixers based on high
energy and low dose nitrogen-ion-implanted GaAs. They used 3 MeV energy to implant N* ions
into GaAs substrates with an ion concentration dose of 3 X 10'> cm™2. The N*-implanted GaAs
photomixers exhibit improvements in the output power in comparison with their counterparts,
photomixers fabricated on low-temperature-grown GaAs. The maximal output power was 2.64 uW
at 850 GHz. No saturation of the output power with increased bias voltage and optical input power
was observed. These characteristics make N*-implanted GaAs the material of choice for efficient
high power sources of terahertz radiation. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2337523]

The low-temperature-grown GaAs (LT-GaAs) fabricated
by molecular-beam epitaxy has been recognized for more
than a decade for its subpicosecond photocarrier trapping
time and acceptable carrier mobility, and so it is the mostly
used material for tunable terahertz sources.' However, effi-
ciency limits of the LT-GaAs material are already reached
and therefore further performance improvement of photo-
mixer devices can be obtained only by alternative material
systems with subpicosecond carrier lifetime. One approach is
the implantation of various ions, such as O, Si, Ga, and As,
into GaAs.>* This approach has been used to reduce the pho-
tocarrier trapping time and thus to achieve high-speed and
broad-band performances of GaAs-based photodetector and
photomixer devices.>® Recently the implantation of nitrogen
into GaAs is extensively studied, where the main attention is
paid to low-energy and high-dose implantation. Beside in-
vestigations and applications of GaAs:N,™® the preparation
of GaN,As,_, (Refs. 9 and 10) compounds is claimed. In our
previous work, we have presented ultrafast photodetectors
based on N*-implanted GaAs with increased responsivity
and very low dark currents'' as well as high-performance
GaAs:N bow tie antenna photomixers12 as an alternative to
the commonly used LT-GaAs based devices. Implantation
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energies of 500, 700, and 880 keV and ion dose of 3
X 10'? cm™2 were used. Beside material considerations for
photomixer improvement, power and frequency performance
of the commonly used small-area interdigitated metal-
semiconductor-metal (MSM) photodetectors are limited by
the RC time constant and the heating of the devices. One
possibility to overcome these limitations is the use of a large-
area interdigitated traveling-wave photomixer design.13 The
purpose of this letter is to describe the fabrication process, as
well as the properties of such large-area traveling-wave pho-
tomixers fabricated on high energy 3 MeV N*-implanted
GaAs substrates.

The fabrication process started with implantation of
3 MeV energy nitrogen ions into semi-insulating GaAs (001)
substrates. For all samples, the ion dose was 3 X 102 cm™2
without annealing. Next, traveling-wave photomixer struc-
tures were fabricated using electron-beam lithography and/or
standard photolithography, metallization, and lift-off process,
as it was reported in our previous work."? The photomixers
consisted of a coplanar stripline with interdigitated MSM
finger contacts, integrated with a 70 ) bow tie antenna and
contact pads. A standard Ti/Au 50/600 nm layer system was
used for metallization. The coplanar stripline was 4 um
wide. The finger contacts were integrated with the stripline
over a length of 200 um, with finger width and spacing of
0.5 and 1.4 um, respectively. Thus, the described traveling-
wave photomixers exhibited a large mixing area with more

© 2006 American Institute of Physics
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FIG. 1. Depth dependence of induced vacancies calculated using TRIM soft-
ware for the N ions implanted into GaAs by implantation energy and dose of
3 MeV and 3X10'2 cm™2, respectively, and calculated transmission of
780 nm wavelength vs depth in GaAs.

than hundred finger contacts compared to conventional
small-area devices. For the sake of comparison, photomixers
with the same geometry as described above were fabricated
also on LT-GaAs material grown by conventional molecular
beam epitaxy (MBE) process at 275 °C and annealed in sifu
at 600 °C."

Figure 1 shows the vacancy density in the volume of the
GaAs for 3 MeV nitrogen ion with a dose of 3 X 10'2 cm™2,
calculated using the transport range of ions in matter TRIM
software."” The vacancy distribution profile is flat over the
depth of ~2.5 um and the vacancy density is relatively high,
with peak value about 4 X 10" cm=3. The reason for the use
of such high implantation energy is that we need to modify
also deeper GaAs regions, because of the large penetration
depth of 780 nm wavelength light, as depicted in Fig. 1 by
the transmission versus depth relation. It should be noted that
such high implantation energy is a border case: a larger im-
plantation depth would give no further improvement because
the applied electric field strongly diminishes with depth. This
sets a limit for the efficient collection of photogenerated car-
riers in deeper regions of the photomixer.

The terahertz power spectrum was measured with a cali-
brated magnetically tuned 4.2 K InSb-bolometer, which has
a cutoff around 1.4 THz. Two heterodyned laser beams with
different frequencies (~780 nm wavelength) were used for
photomixer pumping.13 Figure 2 compares the output power
versus frequency characteristics of a photomixer based on
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FIG. 2. Terahertz output power spectrum for a traveling-wave photomixer
with surface interdigitated MSM contacts of spacing s=1.4 um fabricated
on 3 MeV nitrogen implanted GaAs and LT GaAs (focus length of 150 um
full width at half maximum at input wavelength of 780 nm, input power of
400 mW, and bias voltage of 15 V).
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FIG. 3. Output power at 850 GHz vs bias voltage for a traveling-wave
photomixer on 3 MeV nitrogen implanted GaAs and LT GaAs. Optical input
power=400 mW.

nitrogen implanted GaAs with one on LT-GaAs material. We
used the same LT-GaAs reference photomixer sample as re-
ported previously.14 The total input power was 400 mW and
the bias voltage was 15 V. The nitrogen implanted GaAs
photomixer exhibits about three times higher output power in
the frequency range up to 800 GHz, compared with those
based on LT-GaAs. We attribute this result to the properties
of the N*-implanted material because of its unique mecha-
nism of defect generation during implantation. While arsenic
precipitates in LT-GaAs act as deep donors,'® the nitrogen
implantation process produces significant lattice-expansion
defects,’ resulting in desired crystallographic, physical, ener-
getic, and electrical properties of the implanted material. The
output power decreases for both materials with an increase of
the photomixing frequency up to ~800 GHz with factor f~'.
For higher frequency range the output power of the nitrogen
implanted sample decreases more rapidly with f~*, compared
to f~3 for LT-GaAs material. However, the output power of
the implanted devices is still more than two times higher in
the whole frequency range than for the counterpart on
LT-GaAs and about five times higher than values reported
previously on traveling-wave devices.'” The difference be-
tween the devices based on implanted and on low-
temperature grown material can be explained by a longer
carrier lifetime of the implanted material. Photoconductive
gain and therefore the output power of photomixers are pro-
portional to the lifetime of the photoexcited carriers,’ result-
ing in the improved performance of the implanted device
for low frequencies, at the cost of a faster decrease at high
frequencies.

Figure 3 shows the output power as a function of the
bias voltage for a photomixing frequency of 850 GHz. Better
performance of the nitrogen implanted GaAs photomixer in
the whole range of applied bias voltage is evident. For lower
biases (up to ~4 V) a more than 300% increase of the output
power is obtained, when compared to the LT-GaAs photo-
mixer, with linear dependence on the bias voltage. At higher
biases the output power increases quadratically with the bias
voltage for both materials, according to the theory.1 The out-
put power of the nitrogen implanted GaAs based photomixer
at the highest applied bias level (15 V) and 850 GHz is
2.64 uW, which is more than three times higher than that for
LT GaAs. Further, no indications of the output power satu-
ration that would be typical for LT-GaAs photomixers are
observed. This difference can be attributed to the different
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FIG. 4. Output power at 850 GHz vs input power for a traveling-wave
photomixer on 3 MeV nitrogen implanted GaAs and LT GaAs. Bias
voltage=15 V.

origin of the trapping mechanism. Such a different behavior
is also seen in Fig. 4, which depicts the output power as
function of the optical input power. In the whole measure-
ment range, the photomixer on nitrogen implanted GaAs
shows a square dependence of the output power on the opti-
cal input power, compared to the linear dependence of the
conventional LT-GaAs device. We, again, attribute this supe-
rior behavior of the implanted material to the different physi-
cal origin of the implantation defects that act as carrier traps,
as compared to LT GaAs.

To conclude, we have fabricated terahertz bandwidth
photomixers based on 3 MeV nitrogen implanted GaAs. The
different origin of the carrier traps, formed during the im-
plantation process, as compared to As precipitates in
LT GaAs, leads to the ultrashort carrier lifetime. As com-
pared to the photomixers fabricated on LT GaAs, the devices
show 200% higher output power in the whole frequency
range and up to 300% enhancement at 850 GHz for higher
bias levels. The output power of 2.64 uW was obtained at
850 GHz and an input power of 400 mW and 15 V bias
voltage. The GaAs:N interdigitated traveling-wave photo-
mixers show no evidence of output power saturation that are
typical for the LT- GaAs-based photomixers. All these ad-
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vantages are accompanied by the potentially higher attraction
in industrial applications mainly for low cost reasons and
high reproducibility of material parameters for implantation
technology in comparison with the low-temperature MBE
process. A further improvement of the device performance is
expected by the next optimization of the dose and energy of
the nitrogen ions implanted into the GaAs material.

'E. R Brown, F. W. Smith, and K. A. MclIntosh, J. Appl. Phys. 73, 1480
(1993).

’E. Peytavit, S. Arscott, D. Lippens, G. Mouret, S. Matton, P. Masselin, R.
Bocquet, J. F. Lampin, L. Desplanque, and F. Mollot, Appl. Phys. Lett.
81, 1174 (2002).

3B. Salem, D. Morris, V. Aimez, J. Beerens, J. Beauvais, and D. Houde,
J. Phys.: Condens. Matter 17, 7327 (2005).

4A. Krotkus and J.-L. Coutaz, Semicond. Sci. Technol. 20, S142 (2005).

STze-An Liu, M. Tani, M. Nakajima, M. Hangyo, and Ci-Ling Pan,
Appl. Phys. Lett. 83, 1322 (2003).

°B. Salem, D. Morris, V. Aimez, J. Beauvais, and D. Houde, Semicond.
Sci. Technol. 21, S283 (2006).

’J. F. Chen, J. S. Wang, M. M. Huang, and N. C. Chen, Appl. Phys. Lett.
76, 2283 (2000).

87, Wang, H. Mao, Z. Zhu, Q. Zhao, Z. Zhifeng, and W. Lu, Appl. Surf. Sci.
225, 2186 (2005).

K. M. Yu, W. Walukiewicz, J. W. Beeman, M. A. Scarpulla, O. D. Dubon,
M. R. Pillai, and M. J. Aziz, Appl. Phys. Lett. 80, 3958 (2002).

10g, Sinning, T. Dekorsy, and M. Helm, IEE Proc.: Optoelectron. 151, 361
(2004).

"M. Mikulics, M. Marso, P. Kordo§, S. Stancek, P. Kovag, X. Zheng,
S. Wu, and R. Sobolewski, Appl. Phys. Lett. 83, 1719 (2003).

M. Mikulics, M. Marso, I. Camara Mayorga, R. Giisten, S. Stancek,
P. Kovae, S. Wu, X. Li, M. Khafizov, R. Sobolewski, E. A. Michael,
R. Schieder, M. Wolter, D. Buca, A. Forster, P. Kordos, and H. Liith,
Appl. Phys. Lett. 87, 041106 (2005).

PE. A. Michael, B. Vowinkel, R. Schieder, M. Mikulics, M. Marso, and P.
Kordos, Appl. Phys. Lett. 86, 111119 (2005).

M. Mikulics, E. A. Michael, R. Schieder, J. Stutzki, R. Giisten, M. Marso,
A. van der Hart, H. P. Bochem, H. Liith, and P. Kordos, Appl. Phys. Lett.
88, 041118 (2006).

15, F. Ziegler, J. P. Biersack, and U. Littmark, The Stopping and Range of
Ions in Solids (Pergamon, New York, 1985), Vol. 1, p. 233; see also http:/
WWwWw.srim.org/

'N. Zamdmer and Q. Hu, Appl. Phys. Lett. 75, 2313 (1999).

17, Matsuura, G. A. Blake, R. A. Wyss, J. C. Pearson, C. Kadow, A. W.
Jackson, and A. C. Gossard, Appl. Phys. Lett. 74, 2872 (1999).



