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Low temperature grown GaNAsSbh: A promising material for

photoconductive switch application
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We report a photoconductive switch using low temperature grown GaNAsSb as the active
material. The GaNAsSb layer was grown at 200 °C by molecular beam epitaxy in conjunction
with a radio frequency plasma-assisted nitrogen source and a valved antimony cracker source.
The low temperature growth of the GaNAsSD layer increased the dark resistivity of the switch
and shortened the carrier lifetime. The switch exhibited a dark resistivity of 10’ Qcm, a
photo-absorption of up to 2.1 um, and a carrier lifetime of ~1.3ps. These results strongly
support the suitability of low temperature grown GaNAsSb in the photoconductive switch
application. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820797]

The photoconductive switch has attracted interest due to
its potential application in terahertz optoelectronics. An ideal
photoconductive switch has a photo absorption layer, which
has short carrier lifetime, a high dark electrical resistivity,
and high quantum efficiency. A high dark resistivity ensures
good electrical isolation when the switch is off. A short
carrier lifetime improves the switch performance at a high
frequency. Furthermore, a short carrier lifetime (<1 ps) is
also an essential requirement to generate a sub-picosecond
electrical pulse in terahertz applications. High quantum
efficiency enhances the photo-responsivity of a switch to the
incoming light signal.

The photoconductive switch has been demonstrated
using low temperature grown GaAs (LT-GaAs). LT-GaAs
based photoconductive switches operate at wavelengths of
shorter than 880 nm and exhibit the characteristics of a high
dark electrical resistivity, good carrier mobility, and an ultra-
short carrier lifetime. In the LT-GaAs photoconductive
switch module, Ti:sapphire lasers are usually used as the
photon excitation source.' The wavelength of a Ti:sapphire
laser ranges between 650 nm and 1100 nm. It operates most
efficiently at 800 nm, closely matched to the band gap energy
of LT-GaAs. In addition, the Ti-sapphire laser is complicated
in design and bulky in size. These characteristics of the Ti-
sapphire laser constrain the usability of the LT-GaAs-based
photoconductive switch.

Research efforts towards the photoconductive switch
operated at a wavelength of 1.55 um have gained attention
due to the possibility of using an inexpensive and
maintenance-free pulsed 1.55pum Er:fiber laser system.
Compared to the Ti-sapphire laser, the 1.55 um Er:fiber laser
offers advantages regarding stability, simplicity, and com-
pactness. Furthermore, the abundance of availability of the
cheap 1.55 um Er:fiber laser due to its popularity in telecom-
munication applications is another advantage for switching
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to the 1.55um photoconductive switch system. Due to
the bandgap energy of 1.42eV in LT-GaAs, the quantum
efficiency of the LT-GaAs photoconductive switch at a
wavelength of 1.55 um is profoundly low due to insufficient
photon absorption. The LT-GaAs could absorb a 1.55 um
photon only by utilizing a trap-assisted two-step photon
absorption process,” which is not a band-to-band absorption
process. Tani ef al.® have reported that the detection effi-
ciency of LT-GaAs at 1.55 um is only 10% of its detection
efficiency at 780 nm. There was an effort to improve the per-
formance of LT-GaAs photoconductive coupled with fiber
laser using a frequency doubled fiber laser.* The wavelength
of the 1.55 um fiber laser is converted to 780 nm using non-
linear optics to enhance the photon absorption in LT-GaAs.
Alternatively, a material, which has an energy bandgap of
<0.8¢eV is required in the 1.55 um photoconductive switch
application to produce a sufficient photo-response.

Ing 53Gag 47As is an obvious choice for the 1.55 ym pho-
toconductive switch applications due to its band gap energy
of 0.74 eV. However, Ing 53Gag 47As has a low dark electrical
resistivity and a long carrier lifetime. To counter these short-
comings, a variation of Ing s3Gag 47As, such as low tempera-
ture grown InGaAs (LT-InGaAs)S’7 and ion-irradiated
InGaAs® have also been reported. Both results”® showed a
reduced sub-picosecond (0.9 ps) carrier lifetime. However,
both LT-InGaAs and ion-irradiated InGaAs exhibited a low
dark electrical resistivity value of <3 Q cm,”” which is detri-
mental to the performance of the photoconductive switch.
Hatem er al.'® have demonstrated the application of a
Fe-doped InGaAs-based photoconductive switch in terahertz
application. The Fe-doped InGaAs exhibited an ultra-narrow
electrical pulse (0.6 ps in FWHM) and a dark resistivity of
up t0 2.2 x 10° Q cm.

An ErAs:InGaAs superlattices structure was also
reported in 1.55 um photoconductive switch applications. It
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used ErAs islands as efficient carrier traps to shorten the
carrier lifetime of the material. With the assistance of com-
pensating Be doping, the ErAs:InGaAs superlattices were
capable of exhibiting a dark resistivity of 3.43 x 10> Q cm.

Another alternative, a InGaAs/InAlAs multi-layer struc-
ture,"? was also demonstrated in the 1.55 um photoconduc-
tive switch application. A thin (~10nm) LT-InGaAs layer
was sandwiched by two InAlAs layers in the InGaAs/InAlAs
multi-layer structure. The deep trap levels in the InAlAs
layers captured the residual photo-generated carrier from
the LT-InGaAs layer, leading to a high dark resistivity of
10°Q cm in the switch. Due to the thin photo-absorption
LT-InGaAs layer, >100 periods of InGaAs/InAlAs layers
were needed to produce sufficient quantum efficiency.

In our previous report,"* we demonstrated the suitability
of the GaNAsSb material in the photoconductive switch
application. In a separate report,'> we also demonstrated the
application of the GaNAsSb-based photoconductive switch in
microwave signal switching. In these reports, the GaNAsSb-
based photoconductive switch was shown to have a dark
resistivity of ~1500 Q cm and a carrier lifetime of >30 ps.
The GaNAsSb material also exhibited a photo-response up
to 1.6 um. Further improvement in the performance of the
GaNAsSb-based photoconductive switch is needed to
increase its dark resistivity and shorten its carrier lifetime.

In this letter, we report a performance improvement in
the GaNAsSb-based photoconductive switch by utilizing low
temperature grown GaNAsSb (LT-GaNAsSb) as the active
material. The dark electrical resistivity and carrier lifetime
of the LT-GaNAsSb are measured. The photo-absorption
spectra and the photo-response of the LT-GaNAsSb material
are also presented.

To fabricate the photoconductive switch, two samples
with a layer structure as shown in Fig. 1 were grown using
molecular beam epitaxy in conjunction with a radio fre-
quency (RF), plasma-assisted nitrogen source, and a valved
antimony cracker source. Both a GaAs buffer layer and a
1 um-thick LT-GaNAsSb layer were grown at 200 °C. In the
first sample, sample A, the LT-GaNAsSb layer contained
~5.0% of nitrogen and ~12% of Sb. In the second sample,
sample B, the LT-GaNAsSb layer contained ~4.5% of nitro-
gen and ~12% of Sb. Compared to our previous reports,'*!>
the content of N in the GaNAsSb layer was increased from
3.5% to 4.5-5.0% to achieve a smaller bandgap in the

FIG. 1. Schematic diagram of the LT-GaNAsSb-based photoconductive
switch.
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material. The increase in N content also helped to reduce the
compressive strain in the layer as it had a smaller lattice
mismatch.

The composition of N and Sb in each sample was inde-
pendently determined using a (004) rocking curve X-ray
diffraction (XRD) measurement. The determination of N and
Sb composition using the (004) rocking curve in quaternary
materials, such as GaNAsSb, is more complicated because it
involves two unknown variables: the composition of N atoms
and the composition of Sb atoms. Thus, a calibration sample
was needed to determine the composition of N and Sb prior
to growth of the device samples containing the GaNAsSb
material.

The calibration sample consisted of a 50nm-thick
GaAsSb layer and followed by a 200 nm-thick GaNAsSb
layer. The composition of Sb atoms in both layers was first
determined by fitting the rocking curve of the GaAsSb layer.
Since the Sb flux was kept unchanged during the growth of
the GaAsSb and GaNAsSb layers, it is expected that both
layers contain roughly equal amount of Sb. Using the value
of Sb composition in the GaAsSb layer, the composition of
N atoms in the GaNAsSb layer can be determined by fitting
the rocking curve of the GaNAsSb layer. The detail descrip-
tion of this XRD measurement process can be found
elsewhere.'®

The presence of arsenic antisite defects in the dilute
nitride materials such as GaNAs, InGaAsN, and GaNAsSb
has been reported in various studies.'”* The formation of
arsenic antisite defects in the dilute nitride material is likely
due to their low growth temperature (<500 °C), compared to
the growth temperature of low defect GaAs (580 °C). Chen
et al."® have reported that the concentration of the arsenic
antisite defects in the dilute nitride material increases in
response to the decrease in the growth temperature of the
dilute nitride material. This is consistent with the findings
that higher concentration of arsenic antisite defects in the
GaAs grown at lower temperature. Our previous report14
showed that the GaNAsSb material, which was grown at
400 °C, exhibited a dark resistivity of ~1500 Q cm and a car-
rier lifetime of >30 ps. This value of resistivity and carrier
lifetime is clearly insufficient for the high performance
photoconductive switch application. Higher arsenic antisite
concentration in the material is needed to shorten the carrier
lifetime and increase the resistivity.

In this study, the growth temperature of the LT-GaNAsSb
layer was reduced to 200 °C to increase the As antisite defects
in the layer. Arsenic antisite defects acted as efficient mid-gap
carrier recombination centers, resulting in a high resistivity
and a short carrier lifetime in the material. After growth, the
samples were in situ annealed at 600 °C for 15 min under As
overpressure.

Photoconductive switches with an electrode were fabri-
cated using the standard photolithography process. These
electrodes consisted of two 150 um x 150 um Pt(100 Ay
Ti(300 A)/Pt(100 A)/Au(3000 A) contact pads, which were
deposited on the LT-GaNAsSb active layer. These contacts
were subjected to a 45s rapid thermal annealing process at
450 °C.

The dark electrical resistivity of both samples was meas-
ured using a contactless Hall effect measurement. In sample
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A (with 5.0% of N), the measured resistivity was ~1 X 107
Q cm. In sample B (with 4.5% of N), the measured resistivity
was ~2 x 10" Q cm. These values of resistivity are compara-
ble to the resistivity of LT-GaAs, and it is significantly
higher than the resistivity of the other reported 1.55 um pho-
toconductive switches mentioned earlier. The high resistivity
in LT-GaAs could be likely due to the high density of the As
antisite defect, leading to a dominating carrier-hopping con-
duction mechanism in the layer.”>** Hall measurement also
showed a carrier mobility of ~6cm?/V s and ~12cm?/V s in
sample A and sample B, respectively. This value is low com-
pared to carrier mobility in LT-GaAs, which has a value of
~2000 cm?/V s.

The optical transmission of the sample was measured
using a Fourier transform spectrometer and near-infrared
quartz as the light source. The measured optical transmission
of both samples is shown in Fig. 2. The absorption coeffi-
cient o can be extracted from transmission results using the
Beer-Lambert law [ = Ipe™*", where I and [, are the output
and incident light intensity, respectively. x is the layer thick-
ness. The extracted absorption coefficient of both samples is
also shown in Fig. 2. From Fig. 2, it can be seen that ~20%
of the incident light at a wavelength of 1.5 um was absorbed
by the GaNAsSb-based photoconductive switch in sample A.
In sample B, only ~7% of the incident light at a wavelength
of 1.5 um was absorbed. Figure 2 showed that o has a value
of ~2000cm ™" and ~900cm ™" at 1.55 um for sample A and
sample B, respectively. Furthermore, both samples also
showed a photo-absorption up to a wavelength of 2.1 um.
This is the longest cut-off wavelength ever reported in
GaAs-based dilute nitride material. The photoresponsivity of
GaNAsSD at 1.55 um was measured by comparing the output
power of the switch between the ON state and the OFF state.
In this measurement, a 1 W 1.55 um laser was used as an
excitation light source to turn on the switch. The switch on
sample A showed a 25 dB increase in the output power when
it was switched on.

The carrier lifetime of the switch was measured using
time-resolved optical transmission at room temperature. The
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FIG. 2. Plot of optical transmission spectra and absorption coefficient of the
LT-GaNAsSb vs. wavelength. Black circle (O) symbol represents sample A,
which contained 5.0% of N and 12% of Sb. Blue square ([_]) symbol repre-
sents sample B, which contained 4.5% of N and 12% of Sb in GaNAsSb
layer.
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FIG. 3. Normalized differential transmission curve of LT-GaNAsSb-based
photoconductive switch on sample A with 5.0% of N and 12% of Sb in
the GaNAsSb layer. Red line is a fitted exponential decay curve using
T=1.3ps.

optical excitation source in the measurement was a 1.55 um
optical parametric oscillator with a pulse FWHM of 150 fs,
which was synchronously pumped by a mode-locked tunable
titanium-sapphire laser. The power of incident light per pulse
was 25 uJ cm ™2 in the measurement. The transmitted light
was measured by an InGaAs photodetector coupled with a
lock-in amplifier. The measured normalized differential
transmission curve of sample A is shown in Fig. 3. The car-
rier lifetime of the switch can be extracted by fitting the
time constant of the exponential decay curve in the figure.
LT-GaNAsSb in sample A exhibited a carrier lifetime of
1.3 ps, much shorter compared to that of normal GaNAsSb.
Due to weaker photon absorption at 1.55 um in sample B,
the response of sample B in the time-resolved optical trans-
mission measurement using a 1.55 ym optical parametric
oscillator was extremely weak. Thus, a 1.3 um optical para-
metric oscillator was used to measure the carrier lifetime of
the switch in sample B. The measured normalized differen-
tial transmission curve of sample B at 1.3 um is shown in
Fig. 4. It can be seen that sample B exhibited a carrier
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FIG. 4. Normalized differential transmission curve of LT-GaNAsSb-based
photoconductive switch on sample B with 4.5% of N and 12% of Sb in the
GaNAsSb layer. Red line is a fitted exponential decay curve using 7= 1.3 ps.
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lifetime of ~1.3 ps, which is similar to the carrier-lifetime
observed in sample A. The results of carrier lifetime from
both samples clearly showed that lowering the growth tem-
perature of GaNAsSDb has been very effective in shortening
the carrier lifetime of the material as it promotes the forma-
tion of mid-gap recombination centers such as arsenic anti-
site defects.

In conclusion, the LT-GaNAsSb-based photoconductive
switch has been demonstrated with an improved performance.
A dark resistivity of ~1 x 10" Q cm has been achieved, which
exceeds the dark resistivity reported in previous 1.55 yum pho-
toconductive switches. The switch is capable of absorbing
light with a wavelength up to 2.1 um. LT-GaNAsSb also
exhibited a short carrier lifetime of ~1.3 ps, making it a prom-
ising material for 1.55 um photoconductive switch application.
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No. 102 167 0116. Pierre and Marie Curie University and
IEMN further acknowledge support by the ANR under Grant
No. ANR-10-INTB-0908-CERISE. We gratefully acknowledge
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