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In applications as diverse as fibre-optic communications
and time-domain or terahertz spectroscopy, researchers are
keen on ultrafast optoelectronic transducers that can be
tailored to specific needs. The molecular beam epitaxy of
photoconductors composed of equidistant layers of self-
assembled ErAs-islands in a IlI-V semiconductor matrix,
which act as efficient non-radiative carrier capture sites,
enables this flexibility. Here, photocurrent autocorrelation
techniques are applied to metal-semiconductor—-metal
photodetectors patterned on ErAs:GaAs superlattices. The
experiments demonstrate that the electrical response speed
can be conveniently tuned over at least two orders of
magnitude starting from 190 fs by increasing the thickness
of the GaAs spacer separating adjacent ErAs layers. The
same concept is applied to the narrower bandgap InGaAs
matrix. We demonstrate an electron lifetime of approximately
1 ps for this material. This brings closer the prospect of
implementing terahertz technology at the important optical

communication wavelengths of 1.3 and 1.55 um.
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optoelectronic transduction capabilities due to fast carrier

trapping has brought within reach a diversity of high-frequency
tools and optoelectronic components with unsurpassed bandwidth.
Photomixers'~ and pulse-driven dipolar antennas* fabricated from
these materials have been regarded as promising sources of broadly
tunable coherent terahertz radiation for use as a local oscillator® in
submillimetre wave receivers as well as spectroscopy of dielectrics,
semiconductors and gases*®. Some of these techniques, such as
photomixing, do notonly exploit the short carrierlifetime to achieve the
highest bandwidths possible, butalso rely on the nonlinear behaviour of
the photoresponse as a function of the incident optical power. These
materials can also be used as photoconductive switches, which serve to
detect and inject subpicosecond electrical transients into arbitrary
circuits for high-resolution time-domain spectroscopy’=’. Advances in
terahertzsystems gradually open up applicationsincluding tomographic
and cellular level imaging, biological sensing and label-free genetic
analysis'’. Metal-semiconductor—metal (MSM) photodetectorsbased on
these materials score the highest in terms of response speed'!, and are
considered attractive for front-end receivers in fibre communication,
the largest market for fast photodetectors, owing to their low
capacitance, straightforward coupling to single mode fibres without
compromising bandwidth, and their applicability to monolithic
integration with field-effect transistor circuits' .

Frequently, this diversification in use requires materials whose
performance can be tailored to the specific needs of each application.
For instance, tunability in the response speed may help MSM
photodetectors to reach a better balance with bandwith limitations of
adjacent circuitry while retaining the highest responsivity. More
generally,someinterdependenciesin device parametersareinterrupted,
so that the design is simplified and devices can be better matched. In this
work, we investigated a material composed of equidistant layers of self-
assembled ErAs islands incorporated in a high-quality GaAs matrix
(ErAs:GaAs) by molecular beam epitaxy'>'®. We demonstrate that the
semimetallic ErAs inclusions act as trapping sites with an intrinsic
capture time that is well below 190 fs. By simply changing the distance
between the adjacent ErAs layers, the response can be tuned starting
from this lower limit over more than two orders of magnitude and

The inception of semiconductor materials with ultrafast
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Figure 1 Nonlinear behaviour of the photocurrent and optical set-up for temporal
carrier density autocorrelation measurements. a, Photocurrent as a function of the
average incident optical power for ErAs:GaAs-based switches with a superlattice period
(from bottom to top) of 20, 40, 100, 200, 300 and 400 nm at a bias voltage of 3V.We roughly
estimate the photogenerated carrier density to be 8 x 10'” cm= mW-". b, The beam of a
mode-locked Ti:Sa laser, tuned to a centre wavelength of 800 nm and producing pulses
with a duration of approximately 160 fs at a repetition rate of 76 MHz, is split into two pulse
trains. The beams are delayed with respect to each other with the help of a retroreflector,
which moves periodically at a frequency of 16 Hz (hereafter referred to as the shaker). After
cross-polarizing both pulse trains, they are superimposed collinearly and focused with a
100x objective to an approximately 3-um-diameter spot onto the photoconductive switch.
The photocurrent drawn between the biased ends of the CPW is detected with a
transimpedance amplifier and recorded with a sampling oscilloscope as a function of the
periodically varying time delay. To suppress the intensity noise of the laser system an
averaging over some hundred delay cycles is carried out. Delay times not accessible with
the shaker are produced with a retroreflector mounted on a stepper motor driven
translation stage. Here, the signal-to-noise ratio is improved by mechanically chopping
both pulse trains at different frequencies and acquiring the nonlinear part of the
photocurrent by sum-frequency lock-in detection.

traded off, if necessary, for improved dark resistance'®. ErAs:GaAs has
excellent surface morphology and is thermally stable up to 700 °C,
making it particularly suitable for integration into complex
heterostructures'®, as well as for applications demanding high-power
handling capabilities such as photomixing. The dark resistance and trap
density areindependently accessible through the island size and density,
which can be directly controlled by the growth temperature and the
amount of ErAs deposited's. This contrasts with the sensitivity of the
microstructure and response time of low-temperature grown (LTG)
GaAs, the most widely used short-lifetime material'”'¥, on any post-
growth anneal at temperatures above its own growth temperature.

The idea of inserting layers of self-assembled ErAs dots to engineer
optimal dynamical properties can also be extended to smaller bandgap
materials such as InGaAs lattice matched to InP"%, which efficiently
absorbs at the longer wavelengths of interest to long-haul optical fibre
communications. In this work, we demonstrate a response time of
approximately 1 ps for a40-nm period ErAs:InGaAs superlattice, which
is largely insensitive to the wavelength of the incident light across
the full tunability range of the pulsed laser source used in the
experiments. The development of this material is valuable for many
laboratory applications too, because it permits experimenters to draw
onthelarge arsenal of commercial fibre-optic components designed for
communication wavelengths to construct rugged, compact and user-
friendly test and measurement terahertz equipment.

The ErAs:GaAs superlattices are grown by molecular beam epitaxy
on (100)-oriented semi-insulating GaAs substrates. After the growth of
a100-nm GaAsbufferlayer, the superlattice, consisting of an alternating
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Figure 2 Photocurrent autocorrelation measurement on a 60-nm ErAs:GaAs
superlattice and the polarization-dependent transmission properties of the
metal-semiconductor-metal geometry. a, Autocorrelation measurement (grey) fora
bias voltage of 2.25V and 0.86 mW of laser light per beam in comparison with a fit (dashed
line) to the data using the function described in the text. b, The importance of the intensity
oscillations caused by the polarization-dependent transmission through the gap is
highlighted by comparing the experimental data (grey) with the exponential part of the fit
function only (dashed line). ¢, Comparison of the autocorrelation signal obtained when
averaging over 1,000 delay cycles (black solid line) and without averaging. To resolve the
individual oscillations with the frequency of the laser light, the timescale is expanded in d.
e, Photocurrent as a function of applied bias voltage for different polarization directions of
the laser light electric field. This measurement was performed on a 100-nm superlattice
with 1.3 mW of incident power per beam. The inset sketches the orientation of the laser
beam electrical field relative to the waveguide gap in the 90° configuration.

sequence of GaAs with a thickness (or period) L and 1.2 monolayers of
ErAs, is deposited at a temperature of 530 °C up to a total thickness
between 1.2 um and 1.8 um. The GaAs layer thickness L is varied from
10 to 400 nm across a set of nine samples. Under these growth
conditions, the nucleation of ErAs on GaAs takes place in a three-
dimensional growth mode driven by surface chemistry and produces
isolated ErAs islands™'¢ with a size of 1-2nm and a density of
approximately 7 x 10'> cm™. Photoconductive switches are formed by
patterning a 3-um broad gap in the central conductor of a coplanar
waveguide (CPW) made outofa 10-nm Tiadhesion layer and a200-nm
Aulayer. (A top view and cross section of the samples are shown later in
thelower insets of Figs. 3 and 4, respectively.)

Photoconductive switches commonly exhibit nonlinear behaviour
in their photocurrent J, with incident light intensity or, equivalently,
with the density of photoexcited charge carriers n. Potential sources of
this nonlinear behaviour include screening of the external bias field*' 2,
nonlinear capture and recombination terms in the rate equations®
and/or the electronic circuit topology in which the switch has been
embedded®*. Figure laillustrates the sublinear power-law dependence
of the form J, o P%7***%, observed in our ErAs:GaAs-based switches,
where P is the average incident optical power from a single short laser
pulse train. The nonlinearity can be exploited to extract the lifetime
of the photogenerated mobile charges from autocorrelation
experiments'®?'~**?° in which the time-averaged photocurrent response
to the combined light intensity I(#,7) of two cross-polarized optical
pulses, one delayed with respect to the other, is recorded as a function of
the time delay 7, as shown in Fig. 1b. Here, tis the real time. Both laser
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Figure 3 Lifetime of the photoexcited mobile electrons =, as a function of the
ErAs:GaAs superlattice period L (right axis, solid symbols). The solid line is a quadratic
fit to the data with 0* = 9.0 cm?s~'. The error bars mark the maximum variation of the
electron lifetime observed among a series of 20-60 measurements obtained on different
photodiodes from several process runs for the same lattice period. The data points for the
smallest periods are replotted as open symbols on the magnified left axis. The upper inset
shows a short distance pulse propagation measurement (grey) on a 10-nm ErAs:GaAs
superlattice ata bias voltage of 5.0V and an average power of 1.3 mW per beam. J,is the
capacitively coupled and delay-dependent contribution to the total current. The 75-um
displacement between the pump and probe beams avoids the cumbrous contribution from
the coswit-intensity oscillations in autocorrelation experiments. The signal is composed of
adouble peak structure centred around zero delay that ensues from the coincidence of the
rightand left incident light beams with electrical pulses that were triggered by the leftand
right laser pulse trains respectively and have traversed the 75 um distance. The data can
be fit (dashed) with a function derived from an adapted version of equation (1), that takes
into account the propagation time and the twofold contribution due to the inverted role of
both beams when t changes sign. The lower inset shows the waveguide geometry for
photocurrent autocorrelation experiments.

fields are polarized atan angle of 45° with respect to the metallic edges of
the CPW to ensure that both beams can be considered equivalent
despite diffraction at the waveguide edges?”*. The total time-averaged
current J, including both the dark current J, and the photocurrent ], is
described by*

d2j
dn?

1
T) = const. +—
J(7) T

+oo

[ nte) ne ) dt )
when expanding ] up to second order in n(¢) while ignoring
higher-order terms. Here, 1/T is the laser pulse repetition frequency.
Because d?J/dn* is negative, a steep decrease in J(7) is observed near the
temporal overlap at T = 0 of both laser pulses as seen in Fig. 2a. Owingto
their considerably higher mobility in GaAs or InGaAs-based
semiconductors, the electrons carry the main part of the current in the
photoconductive switches. The hole dynamics plays only a secondary
role and its contribution to the photocurrent is neglected in our
experiments*?. Because its size is comparable to the laser wavelength,
the gap in the CPW actsasa polarization-dependent transmission filter,
as confirmed in Fig. 2e. Not unlike wire-grid polarizers in far-infrared
and microwave applications, field-components parallel to the metallic
edges are therefore attenuated in this geometry. This brings about a
rapidly oscillating contribution to J(z), which is resolved in experiment
(Fig. 2c—d) when the customary signal-averaging over many cycles of
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Figure 4 Current-voltage characteristics of the photoconductive switches when
illuminated and in the dark. a, Total time-averaged current Junder pulsed-illumination
with an average power of 1.3 mW as a function of the applied voltage for ErAs:GaAs-based
switches with a superlattice period (from bottom to top) of 10,20, 40, 60, 100, 150, 200,
300 and 400 nm. The inset in the upper left corner depicts a magnified view for L between
10and 100 nm. The lower inset illustrates the free carrier conduction mechanism through
the bulk GaAs layers in illuminated switches. b, Dark current J; as a function of the applied
voltage for ErAs:GaAs-based switches with a superlattice period (from bottom to top) of
400,300,200, 100,60,40,20 and 10 nm.The inset in the upper left corner shows the dark
currenton a magnified scale for L between 400 and 100 nm.The lower inset schematically
indicates the hopping conductivity and tunnelling mechanisms responsible for current flow
inthe non-illuminated switches.

the periodically varying delay T to suppress the influence of laser noise is
turned off.

If we take into account these polarization-dependent optical
transmission properties of the waveguide gap as well as the signal-
averaging and assume electron trapping through a single exponential
channel with thelifetime 7., a suitable functional dependence of Jon is
obtained that permits the extraction of the electron lifetime 7, from a
straightforward fitting procedure to the experimental data,

Jr) =Ty +Je exp(— z + J sech? (T_ATO) . 2)

Te 7,

The origin of the various parameters in this equation and the
detailed derivation is deferred to the Methods section. An example
of the good agreement that can be obtained between the fit function of
equation (2) and the experimental data are depicted in Fig. 2a for
L = 60 nm. Here, we extract an electron lifetime . = 1.06 ps. Figure 2b
shows exclusively the exponential contribution to emphasize the
importance of the last term in equation (2) associated with the
polarization-dependent transmission properties of the gap. It may have
been overlooked in part of the literature and gives rise to a severe
underestimation of T, if disregarded.

Figure 3 summarizes results for nine different superlattice periods,
L. The electron lifetime can be tuned over two orders of magnitude
from 190 fs to 17 ps merely by changing L from 10 nm to 400 nm,
while leaving all other growth parameters fixed. For lattice periods
below 40 nm, the hyperbolic secant term of equation (2) overwhelms
and masks the exponential term. In this case, we resorted to pulse
propagation along a coplanar stripline to evaluate the electron lifetime
as illustrated in the inset of Fig. 3. This technique complements the
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Figure 5 Device structure of and lifetime measurements on 40 nm period
ErAs:InGaAs samples. a, After the growth of an Inq 5,Al, 4¢AS buffer layer on a semi-
insulating InP substrate, an alternating sequence of 35 nm undoped In, 55Ga, 4,AS, 2.5 Nm
Be-doped In, 55Ga, 47As, 1.75 monolayers of ErAs, and 2.5 nm Be-doped In, 5,Al, 45AS is
deposited up to a total thickness of about 1.2 um at a growth temperature of 490 °C. The
structure is terminated with a 37.5 nm In, 55Ga, 4,AS cap layer. Before patterning
photoconductive switches, the samples underwent a wet chemical treatment that removes
approximately 30 nm of material. b, Autocorrelation measurement (grey line) for a bias
voltage of 2.0V and an average power of 0.86 mW per beam. The dashed line is afitto the
data with the function described in the text. ¢, Wavelength dependence of the electron
lifetime on a number of different switches (denoted by the various symbols) fabricated from
the same wafer.

autocorrelation, because it avoids the undesirable signal contributions
from polarization-dependent transmission properties through the gap;
however, this technique is only applicable for short lifetimes where the
propagation distance can be kept small to ensure that waveguide
dispersion can be neglected and yet a well-separated double peak signal
structure is maintained.

Contrary to ITG-GaAs where the trapping centres are
homogeneously distributed and the Shockley—Read-Hall theory**!
applies, the localization of defect sites to periodically spaced planes in
ErAs:GaAs converts the carrier capture of mobile photoexcited charge
carriers into a two-stage process. Diffusion towards a contiguous plane
of ErAsislands precedes the impingement on one of the ErAs inclusions
and the subsequent immobilization. The diffusive force along the
growth direction originates mainly from the large density gradient in
the vicinity of these ErAs planes. Note that drift due to the external
imposed electric field should proceed mainly in the plane. Under the
assumption of a homogeneous in-plane carrier distribution and
instantaneous trapping at the ErAs layers with an island separation
small in comparison with the superlattice period, the problem reduces
to the solution of a one-dimensional ambipolar diffusion equation with
the boundary conditions n(jL,t) = 0 for ¢ > 0 (period index j= 0, 1, 2,
...). The incident laser light initially sets up an exponentially decaying
distribution of photoexcited charge carriers along the vertical
growth direction z in accordance with Beer’s absorption
law: n(zt = 0) = nexp(—z/a). Here, n,is the initial carrier density at the
samplesurfaceand ais theabsorption length of ErAs:GaAs. Theleading
order terms of a sine expansion yield the following expression for the
electron density 7 (t) averaged over super-lattice period ;.

ﬁj (t) =
4ng  [oa)? L L n2D*
had - = -= - t]. (3
1+(M)2 i3 exp( ]a 1+exp| oc) exp 2 (3)
L

This electron density decays exponentially with a lifetime equal to
[*/7*D*, where D* is the ambipolar diffusion constant. A reasonable
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valueof9.0+0.5 cm?s™ for D* ensues from the application of this model
tothedatain Fig. 3. The predicted zero lifetime as Lapproaches zero can
be traced back to the unphysical assumption of instantaneous carrier
trappingat the ErAs planes. It should be noted that a power law fit to the
data favours an exponent of 1.5 instead of the quadratic dependence on
the superlattice period predicted by this straightforward diffusion
model. The key mechanisms responsible for this deviation remain
elusive. Saturation of trap sites apparently cannot account for it. If we
allow for the possibility that the reduced number of ErAs related trap
sites per unit volume for longer superlattice periods is unable to absorb
the photoexcited carriers as efficiently due to partial blocking and
saturation, we would intuitively anticipate the opposite behaviour.
It would result in an even stronger than quadratic rise of the electron
lifetime as the superlattice period isincreased for the constant excitation
density employed in experiment. For the sake of completeness, we note
that the electron lifetime does increase as a function of the excitation
power: for instance for L = 60 nm with a slope of approximately 30 fs
mW™ for P> 3.5mW per beam. Also, experiment reveals that the
lifetime rises linearly with applied bias voltage, although much weaker
thanin our LTG-GaAsreference samples. A more detailed description of
the strong non-equilibrium dynamics that explains these dependencies
is beyond our scope. It can presumably only be dealt with satisfactorily
in a numerical or Monte Carlo approach, which takes into account in a
self-consistent manner drift, diffusion, screening, the field- and energy-
dependent capture cross section, as well as detailed rate equations.

The dependence of the electron lifetime on the superlattice period is
also reflected in the magnitude of the d.c.-photocurrent (Fig. 4a).
Current flow proceeds mainly through the bulk GaAs regions and is
roughly proportional to the electron lifetime extracted from the
autocorrelation experiments. In the dark (Fig. 4b), current flow is
mainly confined to the ErAs-island layers and carried by hopping
conduction between neighbouring traps. Because the electric field
decays rapidly with distance from the semiconductor crystal surface,
only the top ErAsisland layers contribute, and their number drops with
increasing lattice period. Moreover, at the metallic Schottky contacts,
the tunnelling probability for injection and collection of charge
carriers rapidly diminishes. Both work together to suppress the dark
current with increasing lattice period, the opposite behaviour in
comparison with the photocurrent. A reduction in the dark current at
the expense of a slower response time can be a valuable trade-off in
specificapplications.

Bynarrowing the bandgap of the matrix material surrounding the
ErAs island layers, photoconductive switches may be operated at
longer wavelengths. InGaAs lattice-matched to InP is particularly
attractive. It absorbs at wavelengths up to 1.67 um, so that the all-
important optical communication wavelengths are covered. A typical
device structure for a superlattice period of 40 nm is depicted in
Fig. 5a. Thin InAlAs layers (2.5 nm) cap the ErAs islands to improve
the crystallinity and morphology of the ErAs:InGaAs material'**.
Furthermore, the metallic ErAsinclusionsin InGaAs no longer pin the
Fermi level midgap, but rather cause an undesirable n-type
background doping of the surrounding narrow gap InGaAs.
Consequently, remedies to suppress the dark current to an acceptable
level are mandatory. Here, a compensation scheme with p-type
dopantsincorporated in 2.5-nm thick layers above and below the ErAs
islands at a concentration level of 8 x 10! cm™ was successfully
adopted'®. Figure 5b displays the photocurrent autocorrelation
measurement and reveals an electron lifetime of 1.1 psat 800 nm. This
lifetime is largely insensitive to the operation wavelength as
demonstrated in Fig. 5¢ for the wavelengths of 750 nmto 1 um, thatis,
across the full tunability range of the Ti:Sapphire pulsed laser source
used in the experiments. In view of the absorption edge of
In, 53Gag 4;As, ultrafast operation can be extended up to 1.55 um.
A further reduction of the lattice period may also push the response
time of ErAs:InGaAs into the subpicosecond regime.
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The molecular beam epitaxy of self-assembled islands of optically
active species like InAs or InP embedded in a semiconductor matrix has
long proved its merits for basic studies on light emission and lasing
among others. Here, the confinement of optically inactive ErAsislands,
which act as efficient non-radiative carrier capture sites, to accurately
controllable and periodically spaced planes enables the engineering of
ultrafast materials with unprecedented flexibility for a plethora of
terahertz applications. Apart from offering a very wide response-time
tunability, they overcome some of the adverse properties of other
photoconductors related to reproducibility and thermal stability. The
demonstration of picosecond response times in the case of
In, 53Ga, ,;As-matrix material in this work opens up new vistas for
implementing receiver and terahertz technology with the help of
1.55wm optical components such as compact user-friendly
femtosecond pulsed fibre sources.

METHODS

Under the assumption that trapping of mobile electrons is characterized by a single time constant 7,, the
time evolution of their density n(t) is proportional to the convolution of the intensity profile I(#,7) with
the exponential decay exp(—t/ 7,)©(1), where O(1) is the Heaviside step function. The incident optical
pulses, one delayed for a time T relative to the other, are cross-polarized at an angle of 45° with respect to
the metallic edges of the CPW. They produce an electric field incident at the photoconductive-switch of
the form

Ezt) = \% sech (%) cos (kZ*(Df)( i) +\% sech (%T) cos (k(z—-Az) — wr)(]l) . )
where E,, T, k, and w are the field-amplitude, the characteristic width of the hyperbolic secant-shaped
laser pulses, and the wavevector and frequency of the laser radiation, respectively. The second term
describes the delayed pulse, which traverses an extra path length of Az= ct (where cis the vacuum speed
of light). This produces an additional phase shift kAz. Taking into account the attenuation of field com-
ponents parallel to the metallic edges of the switch, the intensity I(#,7) transmitted through the gap is
given by

I = DC B [(S )+ 83 1) (+1) +280S,0)(8°~ 1) cos 1] )

where &, is the dielectric constant of vacuum, S,(#) = sech(#/7,), and S,(¢) = S,(+7). The parameter 9 < 1
captures the damping of the parallel field components, bringing about the rapidly oscillating cos wt term
in equation (5), also resolved in experiment (Fig. 2c, d). Note that the careful cross polarisation (Fig. 1b)
of the incident laser pulses precludes common interference as its origin. When inserting the convoluted
intensity profile of equation (5) for n(t) in equation (1), the fit function given in equation (2) is obtained.
Here, Ji,, ], and J, are the amplitudes of the various signal contributions. Equation (2) has been derived
under the assumption that the characteristic width of the laser pulse 7, is much smaller than 7.. The usual
averaging over many cycles of the periodic delay time is accounted for by averaging over one period,
21/ w, of the laser light. The non-oscillating term in I(#,7) then generates the double-sided single expo-
nential decay term. The time-shifted squared hyperbolic secant, with an effective width 7, emanates from
the oscillatory part of I(#,7) as an approximation of the resulting double integral by a suitable explicit
function. 7, is found to be of the order of 7,~ 90 fs in all experiments.
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