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Ultrafast acoustical gating of the photocurrent in a p-i-rn tunneling diode incorporating
a quantum well
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Ultrafast acoustic wave packets are used to control the photocurrent excited by a femtosecond optical pulse
in a reverse biased Al,Ga;_,As p-i-n tunneling diode containing a GaAs quantum well in its intrinsic region.
The change in photocurrent arises from the strain-induced shift of the quantum well excitonic resonance due to
deformation potential electron-phonon coupling. This method of controlling electron transport on an ultrafast
time scale could form the basis of a new class of terahertz electronic devices.
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The control of electronic device properties on ever faster
time scales has long been a challenge for researchers and
technologists. Conventional devices, which operate with
voltages and currents applied to metalized contacts, are cur-
rently limited to frequencies of several GHz. For faster ma-
nipulations, terahertz (THz) and ultrafast optical techniques
may be used. Another possible approach is based on the use
of high-frequency acoustic waves. Acoustic techniques at
GHz frequencies have proved to be a powerful tool for con-
trolling the optical and electronic properties of semiconduc-
tor nanostructure devices.!> The use of picosecond acoustics
could increase the frequency into the THz range. Methods
developed during the last two decades provide for the gen-
eration and detection of: picosecond strain pulses and wave
packets;3’4 acoustic solitons;> THz and harmonic elastic os-
cillations in superlattices®’ and phonon microcavities.® The
effects of picosecond strain pulses on the optical reflectivity
and photoluminescence spectra in semiconductor nanostruc-
tures have demonstrated the feasibility of ultrafast control of
the optical properties by means of picosecond acoustic
techniques.9 However, the control, on a picosecond time
scale, of the electrical transport properties of a device using
acoustic waves is still to be realized.

Here we describe picosecond photocurrent experiments in
which strain and optical pulses act simultaneously upon the
quantum well (QW) embedded in the intrinsic layer of a
p-i-n tunneling diode. The strong sensitivity of the electron-
hole (i.e., exciton) excitation energy, E,, in the QW to the
applied strain e, known as the piezospectroscopic effect,'” is
exploited. By using the strain pulse () to modulate E,, we
are able to tune or detune the exciton resonance with the
energy, fiw, of the incident photons from a laser probe beam.
The optical absorption, and hence the number of photoex-
cited carriers in the QW, depends on (E,—#fw) and thus fol-
lows &(¢). In the presence of an applied electric field, F, a
large fraction of the photoexcited carriers tunnels through the
barriers of the QW and thereby contributes to the photocur-
rent (see inset in Fig. 1). Thus, the photocurrent, which is
proportional to the number of carriers excited by the light
pulse at time ¢, is related directly to &(¢) in the QW. Essen-
tially the strain pulse plays the role of an ultrafast gate con-
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PACS number(s): 72.80.Ey, 72.50.+b, 85.30.Mn

trolling the photocurrent in p-i-n diode in which the QW is
the absorbing media.

The p-i-n device used in the experiments was grown by
molecular beam epitaxy on a semi-insulating GaAs substrate
of a thickness /=375 wm. The active structure consists of a
single 7.5 nm-thick undoped GaAs QW confined between
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FIG. 1. (Color online) (a) I-V curves measured in the dark and
under illumination for different wavelengths of CW optical excita-
tion. The inset shows the optical and tunneling transitions in the
QW in the applied electric field. (b) Bias dependence of the exciton
resonance energy E, in the QW obtained from the position of peaks
in the I-V curves for various excitation wavelengths. The upper
horizontal scale shows the electric field in the QW calculated from
the experimental values of E.
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two 100 nm-wide undoped Alj3Ga,;As layers. The n and p
contacts were, respectively, Si-doped and C-doped (both
10" ¢cm™) 200 nm-wide layers of Aly;Ga,,As, respec-
tively. The structure was processed into 400 um diameter
mesas with ring-shaped electrical contacts to allow optical
access. A schematic band diagram of the p-i-n RTD under
reverse bias is shown in the inset of Fig. 1.

The experiments were performed in an optical cryostat at
T=4.7 K. To characterize the device and obtain values of E
as a function of reverse bias, V, the current-voltage (I-V)
characteristics, shown in Fig. 1(a), were measured in the dark
and under CW photoexcitation at different wavelengths. The
peaks in the photocurrent, indicated by the vertical arrows in
Fig. 1(a), correspond to the condition when the photon en-
ergy ho=E,.'" The applied reverse bias, V, reduces the
value of E; in the QW due to the quantum-confined Stark
effect'? and, hence, the bias value of the peak in the I-V
curve increases with the increase in the excitation wave-
length. The measured dependence of E, on V obtained from
the I-V curves is shown in Fig. 1(b).

In the ultrafast experiments, the picosecond strain pulses
were generated in a 100 nm thick Al-film deposited on the
polished side of the GaAs substrate opposite to the p-i-n
structure. The film was excited by ~50 femtosecond optical
pump pulses with a wavelength of 800 nm and repetition rate
5 kHz. The laser beam was focused to a spot with a diameter
150 wm on the surface of the Al film exactly opposite to the
optical mesa of the p-i-n structure. Due to the thermoelastic
effect, a 10 ps duration bipolar strain pulse &(¢,z), where z is
the coordinate perpendicular to the interface of the substrate
with the metal film, was generated in the film. The strain
pulse was injected from the Al film to the GaAs substrate and
reached the p-i-n structure after traversing the GaAs sub-
strate in a time #,=[/s;=78 ns where s;=4.8X10° m/s is
the longitudinal (LA) sound velocity in GaAs.

The experimental setup for detecting the effect of the
strain pulse in the p-i-n structure is shown in Fig. 2(a). The
p-i-n diode was excited by a femtosecond optical probe
beam split from the same laser that was used to excite the Al
film. The beam was passed through a 23 m long delay line
which provided a time delay ~#,. The spectrum of the probe
pulse was centered at Aw=1.55 eV and had width of 60
meV. The beam was focused to a spot of 150 um at the
center of the optical mesa with an energy density
<10 wJ/cm?. The probe pulse excited a microsecond-long
photocurrent pulse in the device as shown in the frame in
Fig. 2(a). The signal was amplified, and the time-integrated
photocurrent signal P was measured as a function of time
delay ¢ between the optical pump and probe pulses. In order
to pick out the strain-induced signal AP(¢)=P(1)—P, (P, is
the signal without a strain pulse) the pump pulse was
chopped with a frequency 500 Hz and a lock-in amplifier
was used for the detection of AP(¢).

Figure 2(b) shows the temporal evolution of the strain-
induced photocurrent changes AP(z)/ P, measured for two
values of the reverse bias, V, and for two pump energy den-
sities, W. Ultrafast temporal changes of AP(r), observed on a
constant positive background, start with the decrease in pho-
tocurrent. For the chosen values of Ey>%w, such behavior
corresponds to the increase in E,. In a GaAs QW this hap-
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FIG. 2. (Color online) (a) The schematic diagram of ultrafast
probing of the photocurrent changes in the p-i-n structure, showing
the bipolar strain pulses arriving at the QW due to the initial strain
pulse and the pulse reflected from the top surface of the device. (b)
The temporal traces (solid lines) of the relative photocurrent
changes measured for two bias voltages V and pump densities W.
The dotted line shows the simulated temporal trace when the inci-
dent and reflected bipolar strain pulses pass through the QW.

pens if the leading part of the strain pulse &(r) is compres-
sive, i.e., € <0, as is well known to be the case in picosecond
acoustic experiments with optical excitation of a metal
film.*> Next, the tensile part of &(r) reaches the QW and
AP(z) increases. This bipolar behavior is repeated in reverse
order after a delay of 130 ps due to the passage of a reflected
pulse, as explained below.

All traces in Fig. 2(b) fit quantitatively the simulated tem-
poral curve, obtained when only the effect of the strain pulse
on the number of photoexcited carriers in the QW is consid-
ered and shown by the dotted line in Fig. 2(b). The spatial
length ~200 nm of the strain pulse is much wider than the
QW and thus, at each point of time ¢ the strain &(¢) in the
QW may be considered constant. The two bipolar pulses in
AP(z) correspond to the arrival to the QW of incident and
reflected strain pulses propagating from the GaAs substrate
toward the top surface of the p-i-n structure and back from
the surface toward the GaAs substrate, respectively [see Fig.
2(a)]. The 130 ps difference in the arrival times of the inci-
dent and reflected pulses to the QW is the propagation time
for longitudinal polarized sound over the distance of 620 nm
from the QW to the surface and back. The incident and re-
flected pulses have opposite phases due to the phase change
at reflection. The value =0 in Fig. 2(b) is chosen as a time
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FIG. 3. (Color online) (a) The symbols show the dependencies
of the amplitude AP of the ultrafast photocurrent changes on the
reverse bias V for two pump energy densities W. The dashed curve
is the bias dependence of the photocurrent in the absence of the
strain pulses. The inset shows the method of obtaining AP from the
temporal signal AP(). (b) The measured (symbols) for two strain
pulse amplitudes g, and calculated (lines) dependences of the pho-
tocurrent sensitivity « to the strain. The solid and dashed lines
correspond to the absorption spectra A(w) shown in the inset by the
solid and dashed lines respectively. The w=0 in the inset corre-
sponds to the energy of the exciton resonance.

when the center of &(r) reaches the surface of the sample.

It is seen in Fig. 2(b), for fixed W, the temporal shape of
AP(r) is almost independent of V. Figure 3(a) shows the
dependence on bias of the signal amplitude AP, due to the
incident pulse [see inset to Fig. 3(a)]. This dependence is
similar to that of the photocurrent P, on V, measured without
strain pulses and shown in Fig. 3(a) by the dashed line. Cor-
respondingly, the strain-induced relative changes AP,/ P is
almost independent of V. Increasing W results in the increase
in AP, and temporal broadening of the detected signals,
which can be seen from the comparison of traces in Fig. 2(b)
for two values of W. The dependence of AP, on W is linear
up to W=1.5 mJ/ cm?, while for higher W a sublinear behav-
ior with the tendency toward saturation is observed.

The key result of the experiments is the observation of the
pump-probe signal, which follows the temporal evolution of
the picosecond strain pulse &(r) in the QW. Unambiguous
evidence for this is that the incident and reflected pulses are
separated by Ar=130 ps, which is exactly the propagation
time of the pulse from the QW to the surface and back to the
QW again. Therefore, when probing by the laser pulse with
hw~ E,, any ultrafast strain-induced effects produced when
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the strain pulse passes thought other parts of the device make
no significant contribution to the photocurrent.

For the quantitative analysis presented below it is neces-
sary to know the value of the electric field F in the QW and
its dependence on V. This was obtained from calculations of
the electron and hole eigenstates in the QW as a function of
F and, further, comparing this with the measured dependence
of E, on V presented in Fig. 1(b). The measured dependence
of F on V is almost linear and can be found from the com-
parison of the upper and lower scales in Fig. 1(b). Theoreti-
cal analysis based on the band diagram, schematically shown
in the inset of Fig. 1(a), gives the effective thickness of the
insulator layer in the p-i-n structure: d;=(eV+E,)/F (where
E, is the band gap in the doped AlGaAs contacts). At liquid
helium temperatures, the value of d; increases noticeably
with V and is 20-40% larger than the nominal grown thick-
ness (207.5 nm) due to the depletion regions in the (AlGa)As
contacts. The relatively low free-carrier density ~10'7 cm™
in the p-contact at 7=4.7 K, estimated from the dependence
of F on V is confirmed by capacitance-voltage measure-
ments, which show that the (AlGa)As contacts are partially
frozen out at these low temperatures.

Using the dependence of F' on V we estimate the changes
in the photocurrent provided by the acoustical gating for
various mechanisms of the electron-phonon interaction in the
QW. The temporally integrated photocurrent generated by
the carriers excited optically in the QW may be written as:

P:ZeNTrad’ (1)
T+ Trad
where N is the number of photoexcited electron-hole pairs in
the QW; 7, is the time of carrier tunneling from the QW; and
Taq 1S carrier recombination time in the QW. Using the
Wentzel-Kramers-Brillouin  (WKB) approximation it is
found that, for the relevant values of F [see Fig. 1(b)], 7,
~1-100 ps, which is much less than 7,4~ 1 ns. Therefore,
from Eq. (1) it is found that the major fraction of photoex-
cited carriers contribute to the photocurrent.
The number of photoexcited electrons and holes is given
by

1

N= f da)ﬂA(w), (2)
ho

where I(w) is the spectral density of the optical energy flux

and A(w) is the QW absorption efficiency. In ultrafast experi-

ments, I(w) can be approximated by a Gaussian, I(w)

HBRY
~exp[—(u2) Au:z) ], where the broadening parameter, Aw

~25 meV.

In analyzing the effect of strain on the photocurrent, it is
at first assumed that the kinetic parameters 7, and 7,4 are
insensitive to strain. Then the strain induced changes of P are
governed only by the modification of A(w). The spectral
shape of A(w) can be modeled by the curves shown in the
inset of Fig. 3(b). The peak and the high-energy wing corre-
spond to the exciton and free electron-hole transitions,
respectively.!! The strain & modifies A(w) by changing the
band gap in the QW due to the deformation potential, i.e.,
A(w):Ao(w)—%Els/h, where Ay(w) is the absorption spec-
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trum at €=0 and E, is the deformation potential (for GaAs
E,=-10 eV). The strain-induced relative changes in the
photocurrent then can be written as

Elsfdwl(w)Z—A
== . (3)
° f dol(w)A(w)

AP _

In addition to the deformation potential, there are other
mechanisms, which can cause strain-induced changes in
A(w)."315 Numerical estimates for our device indicate that
all these effects are small, typically less than 10% of the
contribution from the deformation potential.

The lines in Fig. 3(b) shows the bias dependences of the
sensitivity @=AP/eP of the detected signal AP to ¢ calcu-
lated using Eq. (3). The symbols in Fig. 3(b) correspond to
the experimental data for two values of strain amplitude, g,
estimated for the corresponding W using the standard meth-
ods of ultrafast acoustics with the duration of the strain pulse
taken as a fitting parameter.>*>!® The curve (solid line) in
Fig. 3(b) is deduced using the A(w) lineshape shown by the
solid curve in the inset of Fig. 3(b). In this case, the calcu-
lated values of « decrease significantly with increasing V,
whereas the experimental data does not show strong depen-
dence on V. Better agreement with experiment [dashed line
in Fig. 3(b)] can be obtained by assuming that A(w) has an
additional energy independent background (see the dashed
curve in the inset). The background does not contribute to
AP, but increases the photocurrent P, which results in the
decrease in sensitivity. The inclusion of such a background is
justified by the likely presence of other channels for the gen-
eration of carriers in addition to photoexcitation in the QW
(e.g., the Franz-Keldysh effect or photoexcitation of local-
ized carriers in the AlGaAs layers and elevated temperature
in the pulsed experiments).!!
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The analysis, based on Eq. (3), assumed that the Kinetic
parameters 7, and 7,4 are strain-independent. This assump-
tion is justified by the experimental result which shows weak
dependence of the temporal shape AP(f) on V [compare two
traces for W=0.5 mJ/cm? in Fig. 2(b)]. Indeed, any strain-
induced changes of 7; or 7,4 should be detected in the time
interval that the carriers are present in the QW after the
probe pulse. In this case, AP(z) is the result of the time
convolution of the strain pulse &(¢) and the temporal decay of
the photoexcited carrier densities in the QW. The estimated
values of 7,~1-100 ps vary with V over orders of magni-
tude. Therefore, if 7, and 7,4 were strain-dependant, the tem-
poral shape of AP(t) would be strongly dependent on V, but
this is not observed in the experiments.

The temporal broadening of AP(¢) with increasing W,
which can be seen in Fig. 2(b), and also the saturation of AP
at high W are possibly due to the nonlinear propagation prop-
erties of the strain wave packet in the GaAs substrate.>!”-18

We have shown that a picosecond strain pulse can be used
to gate, on a picosecond time scale, the photocurrent in a
p-i-n diode containing a QW in its intrinsic region. The ef-
fects are linked to the QW while all other regions of the
device, such as the barriers and contacts, are not affected by
the strain on this time scale. Regardless of the fact that the
external circuit is limited to GHz speeds, these experiments
demonstrate that ultrafast control of the internal electron pro-
cesses using strain pulses is possible. This could lead to the
development of techniques for clocking devices with THz
acoustic waves. This method is not limited to a QW p-i-n
diode, and could be extended to quantum dot nanostructures
and various tunneling devices with the strain-sensitive elec-
tronic resonances.
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