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We present the ultrafast (THz-bandwidth) photoresponse from GaAs single-crystal mesoscopic
structures, such as freestanding whiskers and platelets fabricated by the top-down technique,
transferred onto a substrate of choice, and incorporated into a coplanar strip line. We recorded
electrical transients as short as ~600 fs from an individual whisker photodetector. Analysis of the
frequency spectrum of the photoresponse electrical signal showed that, intrinsically, our device was
characterized by an ~150-fs carrier lifetime and an overall 320-fs response. The corresponding 3-dB
frequency bandwidth was 1.3 THz—the highest bandwidth ever reported for a GaAs-based
photodetector. Simultaneously, as high-quality, epitaxially grown crystals, our GaAs structures
exhibited mobility values as high as ~7300 cm?/V-s, extremely low dark currents, and ~7%
intrinsic detection efficiency, which, together with their experimentally measured photoresponse
repetition time of ~1 ps, makes them uniquely suitable for terahertz-frequency optoelectronic
applications, ranging from ultrafast photon detectors and counters to THz-bandwidth optical-to-
electrical transducers and photomixers. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4737442]

Ultrahigh-speed photonic devices, such as ultrafast pho-
toswitches, photomixers, and photodetectors, based on III-V
semiconducting compounds, have been studied intensively in
recent years,"> with special emphasis focused on the GaAs
material because of its excellent electronic transport and opto-
electronic properties. GaAs-based devices are commonly used
in high-end commercial applications, such as satellite commu-
nication systems and radar.’ The so-called low-temperature-
grown GaAs (LT-GaAs) material plays a special role, since it
exhibits a <200-fs carrier lifetime and, as a result, has been
widely implemented in the fastest photodetectors*> and THz
photomixers.® Independently, during the last decade, there has
been an explosive growth of a new generation of devices
based on low-dimensional, nanometer-sized structures.
Among them, the most popular are single-crystal semicon-
ducting nanowhiskers and nanowires, which have demon-
strated a unique potential in photonics applications.’~'°

Here we report on our measurements of a femtosecond
photoresponse from freestanding, submicrometer-sized GaAs
whiskers and platelets fabricated from an epitaxial GaAs
layer in a top-down etching process and incorporated into a
coplanar-strip (CPS) transmission line. Our fabrication pro-
cess started with the molecular beam epitaxy (MBE) growth
of a planar GaAs back layer on a semi-insulating GaAs sub-
strate, followed by a 50-nm-thick AlAs sacrificial interlayer,
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and, finally, a 500-nm-thick top GaAs layer. The growth pro-
cess was performed at 600 °C in order to obtain GaAs of the
highest quality. After the MBE growth, an array of 500-nm-
wide whisker structures was patterned by employing optical
lithography and argon-ion—-beam etching. Next, our patterned
whiskers were detached from their native substrate by dis-
solving the AlAs layer in a HF:H,O solution and, subse-
quently, placed on a single-crystal MgO substrate with the
help of a special micropipette. The entire procedure of
whisker fabrication, transfer, and positioning is shown sche-
matically in Fig. 1. Compared to our earlier-described fabri-
cation processes,'""'? we employed a micrometer-sized,
quartz-glass pipette for precise manipulation and transfer of
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FIG. 1. Top-down fabrication and transfer process of a freestanding, single-
crystal GaAs mesoscopic structure integrated in a CPS transmission line.
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our whisker to a designated, pre-etched trench position on a
host MgO substrate. Using a pipette, we achieved an overall,
5-to 10-um accuracy of the whisker positioning. The bond of
our mesoscopic GaAs rods to the MgO substrate was strong
enough to allow for the subsequent, standard photolithogra-
phy processing and deposition of 20-um-wide, 10-um-separa-
tion Au CPS transmission lines on top of the ends of the
whisker (see the bottom inset in Fig. 2). To improve mor-
phology and crystallinity of the GaAs whiskers and to elimi-
nate possible defects on their sidewalls, the entire structure
was annealed for 20 min for 600 °C in a nitrogen atmosphere,
following Krotkus ef al.'* During the annealing, the whisker
structures were covered with a dummy GaAs substrate to sup-
press arsenic reduction.

Electrical characterization of our CPS-imbedded whisker
photodetector structures (10 um long with a 500 x 500-nm?
cross-section) was carried out by measuring the current—
voltage (I-V) characteristics both in the dark and under
850-nm-wavelength continuous-wave light illumination with
the nominal power of 0.2 mW. Note that the -V curves
shown in Fig. 2 exhibit an ohmic behavior in the tested bias
range. The sample resistivity was calculated to be 5 x 10*
Qcm, so our device is an n-type, semi-insulated GaAs crystal
with ng~2x 10"cm™. Space-charge effects were not
observed, which indicated an efficient suppression of the
high-field region near the contacts. The dark current values
were 5.2 107" A at 10V and about 2 x 10 A at 30V and
were approximately an order of magnitude lower than the
ones measured earlier in freestanding LT-GaAs photodetec-
tors.*!? The top inset in Fig. 2 shows the responsivity of our
device as a function of the bias voltage. The responsivity was
calculated for the actual light power of ~0.12 mW delivered
to the whisker and normalized to its photoactive area of
0.5x10 ,um2 (see inset in Fig. 2) and reached 4.4 mA/W at
the 30-V bias, which corresponded to ~7% photon-detection
efficiency.
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FIG. 2. Current—voltage characteristics of a GaAs freestanding whisker
placed on an MgO substrate and incorporated in a CPS transmission line
(see bottom inset). The characteristics were measured in the dark (green
squares) and under 850-nm-wavelength, 0.2-mW nominal incident power,
continuous illumination (dark blue dots), respectively. The top left inset
presents the responsivity of our device as a function of bias. The bottom
right inset shows a top-view micrograph of the whisker incorporated into the
Au CPS line. The blue part is the bare MgO substrate.
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Time-resolved measurements of the whisker photores-
ponse were performed using our time-resolved, electro-optic
(EO) sampling system reported earlier in Ref. 4. Briefly, the
photoresponse electrical transients were measured using a
LiTaOj3 crystal with a bottom high-reflectivity coating as the
ultrafast EO transducer. Electrical transients were generated
by uniformly exciting (beam diameter ~30 pum) the whisker
with 100-fs-duration, 800-nm-wavelength laser pulses. Next,
they were coupled via the 45-Q characteristic impedance
CPS into the EO crystal and—by means of the Pockels
effect—converted into the change of the polarization state of
optical sampling pulses incident on LiTaO5; and time corre-
lated with the excitation pulses. Figure 3(a) shows two ex-
perimental electrical response waveforms (black lines)
collected by positioning the sampling beam near the EO sen-
sor edge at points 137 um and 171 um away from the
whisker, respectively [see Fig. 3(a) inset]. The experimental
transients were fitted (smooth red lines) using an error func-
tion (pulse rise) followed by an exponential decay in order to
properly represent both the rising and falling edges of the
measured pulses. We note an excellent overlap of the experi-
mental data and fits. The waveform recorded at the 137-um
point exhibits a full width at half maximum (FWHM) equal
to 660 fs and a 490-fs fall time, while the pulse at 171 um
has a FWHM equal to 720 fs and a decay time of 550 fs. The
observed slight change in the shape of the latter pulse (e.g.,
lower amplitude) is due to signal distortion (attenuation and
dispersion) during propagation along the CPS line.

We have collected several photoresponse transients along
the CPS line, starting with the distance ~100 um away of the
whisker, and their values of FWHM (triangles) are plotted in
Fig. 3(b). Next, we performed a standard frequency-domain
analysis'* of our signals in order to first determine the amount
of distortion introduced by our CPS line and, subsequently, to
calculate the actual intrinsic transient generated by the photo-
detector, by ‘“back-propagating” an experimental transient,
e.g., the one measured at 137 um, toward its zero-distance
plane (whisker position) on the CPS line.

It is well known that in passive transmission lines,
by using the Fourier transform approach, one can retrieve
the temporal shape of a voltage pulse V(z, t) at the position z
from the known V(z;, f) transient measured at a different
point z; along the line, if one knows the spectral characteris-
tics of the complex propagation factor y(f) of the transmis-
sion line."* The y(f) factor can, in turn, be computed
numerically by comparing frequency spectra (taking their ra-
tio) of two (or more for better accuracy) experimental wave-
forms, measured at different positions along the transmission
line. Using the above approach, we have extracted the y(f)
spectral dependence for our CPS line based on the experi-
mental transients recorded at the positions along the CPS
line indicated in Fig. 3(b). Next, using our y(f) factor and the
Fourier transform of the signal collected at the 137-um point
[see Fig. 3(a)], we reproduced the temporal shape of the sig-
nal generated at the whisker plane [V(z =0, f)]. The resulting
intrinsic signal generated by our photodetector had a peak
amplitude V= 185.7mV, FWHM =320 fs, and a fall time
of ~150 fs. The rising edge was limited by the 100-fs width
of our optical excitation pulse. The 320-fs response time of
our device is at least one order of magnitude faster than any
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FIG. 3. (a) Transient photoresponses of a GaAs whisker photodetector illuminated with a 100-fs-wide, 800-nm-wavelength, and 1-mW incident power optical
pulse. The detector bias was 20 V. The black curves are experimental data recorded at 137-um and 171-um positions away from the device (see inset), respec-
tively, while smooth, red curves are numerical fits. The time interval between the two pulses is 294 fs and directly corresponds to the 34 um of the propagation
distance along the CPS. We note that in order to avoid excessive pulse distortion the sampling beam was always placed at the edge of the LiTaO; crystal, i.e.,
the EO sensor was slightly moved when we switched from the 137-um point to the 171-um point. (b) FWHM values of experimental transients (solid triangles)
recorded at several distances along the CPS away from the detector plane. The solid dot represents the 320-fs FWHM value of the intrinsic pulse generated by
the whisker. The inset in (b) shows the spectral characteristics of the calculated, intrinsic, zero-propagation distance transient. The 3-dB and 10% spectral

ranges are marked.

demonstrated nanostructures.'> The FWHM value of V(@, 1)
is indicated in Fig. 3(b) by a solid dot, while the inset in Fig.
3(b) presents its spectral characteristics. We note that our
intrinsic photoresponse signal has a 3-dB bandwidth up to
1.3 THz and a 10% bandwidth of above 2.4 THz, making the
GaAs single-crystal whisker a truly THz-signal generator.

For our CPS line, we also calculated the phase factor
S =Im[y(H], which was a linear function of f and allowed
us to directly determine the signal propagation phase veloc-
ity as equal to 1.16 x 10%m/s. The latter value agrees very
well with the one computed using the propagation parame-
ters of the two pulses presented in Fig. 3(a).

In addition to whiskers, we have studied the 500-nm-
thick, 10 x 10-um*-active-area, platelet-type photodetectors
to determine if the performance of our whisker was geometry
limited or if it resulted from the intrinsic properties of the
500-nm-thick epitaxial GaAs film. In both the whisker and
platelet cases, we measured the dependence of the photores-
ponse pulse FWHM and V on the applied dc bias and inci-
dent optical power. The results were qualitatively identical
in the tested 0- to 30-V bias range (equipment limited).
Under the fixed (low) optical excitation power, the photores-
ponse FWHM remained constant, while V increased linearly
with the bias. The FWHM also remained constant over the
tested range of the incident optical power, while V initially
increased linearly and started to saturate when the incident
power exceeded 3 mW. The most striking observation, how-
ever, was that the photoresponse transients of platelet devi-
ces, measured under the same conditions as whiskers (e.g.,
the same sampling spot distance), exhibited practically the
same ~670-fs values of the FWHM, clearly indicating that
in both types of devices we observed the same ultrafast
surface and bulk electron-hole recombination process, gov-
erned by the shortest device dimension, namely, its 500-nm
thickness.

The transient photoresponse studies also allowed us to
determine carrier mobility in our GaAs structures. Following
Ref. 16, we used the expression for the total charge (integrated

photocurrent) generated in our photodetector upon laser pulse
excitation and, subsequently, compared it directly to the pho-
toresponse signal (peak current=Vy/45 Q). For calculations
[see, e.g., Eq. (1) in Ref. 4], we used our experimental param-
eters for the optical excitation and sample geometry, as well
as the responsivity value taken from the inset in Fig. 2 at the
actual 20-V bias. Therefore, the only unknown parameter was
the sample mobility, which turned out to be ~7300 cm?/V s.
We note that this is a very respectable (bulk-like) value for
our mesoscopic structures and clearly indicates that, indeed,
our devices are very high quality bars of the GaAs single crys-
tal. The latter indicates that, contrary to conventional LT-
GaAs photodetectors, trapping of photocarriers, although
likely to occur at some surface states, cannot be the dominant
mechanism responsible for the subpicosecond relaxation dy-
namics observed in our experiments. We stipulate that the
main relaxation channel is the Shockley—Read—Hall-type
recombination process under the very high level injection
condition since, in our case, the concentration of photoexcited
electrons is at least 10° times larger than 7o and there is no
out-diffusion of carriers due to the freestanding nature (GaAs
on MgO) of our 500-nm-thick devices.

The latter conclusion was directly confirmed in another
series of EO experiments, where in every laser cycle we
excited our devices using a pair of 100-fs optical pulses with
their separation externally controlled and varied from ~1 to
4 ps. In our results shown in Fig. 4, the main panel presents
the double-pulse photoresponse when the excitation pluses
were separated by 2.1 ps; one can clearly see that the magni-
tude of the photoresponse reaches zero between the two
~670-fs-wide pulses, meaning that our carriers excited by
the first optical pulse managed to reach their equilibrium
state before the arrival of the second pulse. The inset shows
the case when the separation between the excitation pulses
was only 1.1 ps, and even in this case, the carrier relaxation
after the first excitation is over 90% complete. The latter
experiment most directly confirms that the carrier recombi-
nation, and not the trapping, is responsible for the ultrafast
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FIG. 4. Transient photoresponse of a GaAs platelet photodetector illumi-
nated with a train of two 100-fs-wide, 800-nm-wavelength, and 1-mW inci-
dent power optical pulses. The detector bias was 20 V. The black line is an
experimental signal recorded at ~150 um away from the device plane [see
inset in Fig. 3(a)], while the smooth, red line is a numerical fit representing a
combination of the error functions (rise portions of the pulses) and the
single-exponential decay (relaxation parts). The inset shows the experimen-
tal transients recorded when the separation between the laser pulses exciting
the photodetector was 1.1 ps. The difference in the amplitudes of the first
and second photoresponse pulses is due to an approximately 40/60 beam
splitter used to generate a two-pulse excitation train.

photoresponse of our devices; it also demonstrates that our
meso-structured detectors can very effectively operate even
when they are exposed to optical input trains (e.g., optical
clock signals) with a THz repetition rate.

In conclusion, the presented top-down technology of
epitaxial growth and transfer of meso-structured, single-crys-
tal GaAs devices provides a uniquely simple and reliable
method to integrate photoconductive elements with ultrafast
electronic and optoelectronic on-chip systems, ensuring an
extremely wide (THz) bandwidth, high operating bias volt-
age, and high optical-power-handling capabilities. It should
be noted that with our fabrication approach, the freestanding
structures can be placed at virtually any point on a test circuit
(in combination with various substrates), making them a
very promising option for hybrid circuitry applications,
where integration of various materials and test devices is
required. They are also relatively easy to assemble into
arrays for multichannel on-chip communication and detec-
tion. As a photodetector, the freestanding, epitaxial GaAs
element is truly unique since it combines extremely low dark
currents and ~7% single-photon detection efficiency with a

Appl. Phys. Lett. 101, 031111 (2012)

subpicosecond photoresponse and ensures reliable and effi-
cient operation even in optical systems with THz laser clock-
pulse rates.
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