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The authors report on the fabrication and characterization of photodetectors based on
nitrogen-ion-implanted GaAs and the annealing dynamics in these devices. An energy of 400 keV
was used to implant N ions in a GaAs substrate at an ion concentration of ~1 X 10'® cm=2. Dark
current measurements as well as measurements under illumination show that the material properties
rapidly change during the annealing process. Photodetectors based on nitrogen-implanted GaAs
materials with annealing temperatures up to 400 °C exhibit a subpicosecond carrier lifetime up to
0.6 ps. These properties make nitrogen-ion-implanted GaAs an ideal material for ultrafast
photodetectors, as alternative to low-temperature-grown GaAs. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2339907]

Implantation of various ions, such as As, Ga, Si, and O,
into GaAs has been used to reduce trapping time and thus to
achieve high-speed and broadband gerformance of various
GaAs-based optoelectronic devices." Recently implantation
of nitrogen into GaAs has been extensively studied with the
main focus, so far, being on low-energy and high-dose im-
plantation, besides investigations and applications of
GaAs:N (Refs. 3-6) and preparation of GaN,As,_, (Refs. 7
and 8) and GaN (Refs. 9 and 10) compounds. On the
other hand, we recently reported on high-performance
GaAs photomixers prepared on low-dose (~3 X 10'> cm™2)
N*-implanted GaAs (Ref. 11) as an alternative to commonly
used low-temperature GaAs. It is also known that the carrier
trapping time in general decreases significantly with in-
creased implantation dose. Subpicosecond values were re-
ported for As*, Ga', and Si* implanted GaAs using
10'-10'7 cm™2 doses.” However, properties of high-energy
and high-dose N*-implanted GaAs have not been reported
yet.

In this letter, the performance of metal-semiconductor-
metal (MSM) photodetectors on N*-implanted GaAs using
400 keV and 1X 10' cm™2 implantation energy and dose,
respectively, is described. Furthermore, the annealing
dynamics of N*-implanted GaAs (7,=200-600 °C) is
investigated.

The nitrogen implantation was performed into semi-
insulating (100)-oriented GaAs wafers. The implantation en-
ergy and dose were 400 keV and 1 X 10'® cm™2, respectively.
An annealing of N*-implanted GaAs samples at various tem-
peratures from 200 to 600 °C for 10 min in nitrogen ambient
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was performed in order to evaluate the annealing dynamics
of nitrogen ions implanted into GaAs. Thereafter, the whole
surface, except the designated area for the MSM structures,
was coated with 400 nm SiO,. On top of this insulator layer
10 mm long and 15 um wide Ti/Au coplanar strip lines with
thickness of 50/600 nm and 10 um gap were fabricated us-
ing conventional photolithography and lift-off techniques.
The MSM structures were formed as a part of the coplanar
strip lines directly on the annealed N*-implanted GaAs ma-
terial. For the sake of comparison, a MSM structure with the
same geometry was fabricated also on nonannealed im-
planted material. Typical static current-voltage (I-V) charac-
teristics of N*-implanted GaAs samples annealed at different
temperatures and measured in the dark at 300 K are shown
in Fig. 1. All samples exhibited Ohmic behavior and the dark
current decreased rapidly with increased annealing tempera-
ture. The nonannealed and 200 °C annealed samples yielded
high dark currents with resistivity of ~1X 10* €). The break-
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FIG. 1. Current-voltage characteristics in the dark for MSM photodetectors
on nonannealed and annealed GaAs:N.
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FIG. 2. Bias voltage dependence of responsivity for MSM photodetectors
on annealed GaAs:N (A=850 nm, P;,=170 uW).

down field was relatively low, E,.=30 kV/cm. The resistiv-
ity of samples annealed at higher temperatures increased
exponentially with annealing temperature, about one order
of magnitude per 100 °C increase of the annealing tempera-
ture, without showing breakdown up to 100V (Ey,
>100 kV/cm). The samples annealed at 600 °C showed a
resistivity of 2.5X 108 Q, i.e., the dark current decreased
more than four orders of magnitude compared to nonan-
nealed material. An increase of the resistivity with annealing
temperature was reported before on low-energy and low-
dose implanted GaAs:N and was explained as being due to
an increase of the density of N ions which act as electrically
active traps.

The photoelectric properties of GaAs:N MSM photode-
tectors were investigated at first by static /-V measurements
under cw-laser illumination. The current responsivity R
= (Lot~ Laan) / Pin as a function of the bias voltage, measured
up to 100 V, is shown in Fig. 2. In the low-bias region
(<20 V) the responsivity increased nearly linearly with bias
and higher values were obtained on low-temperature-
annealed material. This follows from a lower density of traps
and thus higher gain of the photoconductor than in 500 and
600 °C annealed devices. At higher biases some deviation
from linear R-V dependence was observed, more pronounced
for high-temperature-annealed, i.e., higher resistive, samples.
This might be due to space-charge effects at the contact-
GaAs interface. Nevertheless, responsivity higher than
0.1 A/W can be achieved on 300 and 400 °C annealed ma-
terials at biases above 30 V. This is fully comparable or even
higher than values previously reported on nitrogen4 or
arsenic'*" implanted GaAs-based photodetectors.

The lifetime of photogenerated carriers in GaAs:N was
studied using femtosecond time-resolved reflectivity mea-
surements by an all optical pump/probe system. A commer-
cial Ti:sapphire laser with 100 fs wide pulses at 810 nm
wavelength was used to investigate the carrier dynamics.
Figure 3 shows the reflectivity change recorded on material
annealed at 300, 400, and 600 °C. The GaAs:N materials
exhibited very short carrier lifetime when annealed at lower
temperatures. Values of 0.4 and 0.6 ps were extracted for 300
and 400 °C annealed samples, respectively. On the other
hand, material annealed at 600 °C exhibited a slow decay in
the reflectivity spectra and the approximated carrier lifetime
is some hundreds of picoseconds. This indicates that two
processes are involved in the annealing dynamics of high-
energy (400 keV) and high-dose (2% 10'® cm™2) implanted
GaAs:N. The first one is characterized by low influence on
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FIG. 3. Reflectivity measurement on annealed GaAs:N samples.

the carrier lifetime, i.e., the carrier lifetime increases slowly
with the annealing temperature. In the second process the
thermally activated traps have longer relaxation time but are
created in sufficient density only at higher annealing tem-
peratures. This seems to be similar to results reported on
low-energy (160 keV) and high-dose (2X 105 cm™) im-
planted GaAs:N, in which two different trapping effects were
observed in deep-level transient spectroscopy data on low-
and high-temperature-annealed samples.3 The traps created
at low annealing temperatures are responsible for the subpi-
cosecond carrier lifetimes. On the other hand, the traps gen-
erated by the second process reduce the dark current and the
responsivity in the high-temperature-annealed samples (Figs.
1 and 2), but their longer relaxation time is also responsible
for the large increase of the carrier lifetime (Fig. 3). We
verified this observation by photoresponse measurements on
MSM photodetectors. Electrical transients were recorded by
electro-optic sampling measurements, featuring ~100 fs
resolution."* The time-resolved photoresponse wave forms of
our devices on 300, 400, and 600 °C annealed GaAs:N are
shown in Fig. 4. The transients exhibit 0.7 and 1 ps full
widths at half maximum with 0.5 and 0.8 ps rise times and
1/e decay times of 0.5 and 0.7 ps for 300 and 400 °C an-
nealed samples, respectively. However, for 600 °C annealed
sample, 1.3 ps rise time and a slow decay are observed, simi-
lar to the reflectivity measurement observation.

To conclude, we have fabricated ultrafast photodetectors
based on nitrogen-implanted GaAs. Different annealing tem-
peratures changed the dark current and photocurrent charac-
teristics as well as carrier lifetime. The choice of the optimal
annealing temperature allows achieving material suitable for
the fabrication of ultrafast photodetectors. On the other hand,
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FIG. 4. Transient photoresponse of annealed GaAs:N implanted samples
(A=810 nm, P;,=10 mW, V;=50 V).
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it is possible to precisely engineer the material with exactly
chosen carrier lifetime in a large range, from hundreds of
femtoseconds up to nanoseconds. In this way it is possible to
tune the properties of the prepared material for an optimum
compromise between photodetector responsivity and speed.
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