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We report on optically induced transport phenomena in freely suspended channels containing

a two-dimensional electron gas.

The submicron devices are fabricated in AlGaAs/GaAs

heterostructures by etching techniques. The photoresponse of the devices can be understood in terms
of the combination of photogating and a photodoping effect. The hereby enhanced electronic
conductance exhibits a time constant in the range of 1-10 ms. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2970035]

Submicron channels and nanowires have for the past few
years attracted considerable attention because of the compel-
ling electronic, mechanical, and optical properties of low-
dimensional systems.1 Several processes can dominate the
photoresponse of such nanosystems,%5 enabling polarization
sensitive photonic and optoelectronic devices. For instance,
it has been shown that Schottky contacts between nanowires
and metal electrodes can give rise to a photoresponse
current.” In the process, photogenerated electrons and holes
are separated and then accelerated by internal electric fields
across the semiconductor-metal interface leading to a photo-
response. Furthermore, surface states and adsorbates can
govern the photoresponse of semiconductor nanowires by
photodesorption at ambient conditions.* There, oxygen mol-
ecules are adsorbed on the nanowire surface. As negatively
charged ions, they create a depletion layer with low conduc-
tivity near the nanowire surface. Laser excitation then gives
rise to photodesorption of the oxygen molecules and conse-
quently to an elevated optically induced conductance. Here,
we report on photoconductance experiments, which can be
understood by a similar photogating effect in combination
with a photodoping effect. However, these effects occur at
high vacuum conditions. The experiments are performed on
freely suspended submicron channels containing a two-
dimensional electron gas (2DEG).*” The devices are fabri-
cated by etching techniques out of an AlIGaAs/GaAs hetero-
structure. Our experimental findings suggest that optically
excited electron-hole pairs are spatially separated at the sur-
face of a freely suspended channel due to internal electric
fields. On the one hand, trapped excess holes act as a positive
local gating voltage (photogating effect). On the other hand,
free excess electrons raise the Fermi energy of the 2DEG
throughout the device (photodoping effect). Both effects
raise the conductance across the device. The measured pho-
toresponse exhibits a time constant of 1—10 ms, which is
consistent with the recombination time of optically induced
and spatially separated charge carriers in semiconductor
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heterostructures.® Excess charge carriers are created by inter-
band laser excitation. In that sense, our measurements are
complementary to intraband photon-induced current experi-
ments on quantum wires.”'” The latter demonstrated that a
far-infrared excitation of quantum wires can give rise to
heating and rectification processes of electrons in the
2DEG.""!? We can exclude such processes by measuring the
photoresponse as a function of the source-drain voltage and
by spatially mapping the photoresponse of the freely sus-
pended channels and the adjacent electrodes.

Starting point is a modulation-doped GaAs/AlGaAs
heterostructure with a thickness of 130 nm (active layer) on
top of 400 nm AlAs (sacrificial layer).*” 40 nm below the
surface of the heterostructure, a 25 nm thick GaAs quantum
well contains a 2DEG with an electron sheet density of
ng~5.5x10" cm™ and electron mobility of u~7.8
X 10> cm?/V s. The freely suspended channels are created
by the following steps. First, a protective nickel layer with a
thickness of 60 nm is defined at specific areas of the surface
by means of optical lithography (outer leads) and e-beam
lithography (center region). Then, anisotropic reactive ion
etching with SiCl, is employed to completely remove the
unprotected top layers of the heterostructure. The nickel
layer is removed by FeCl;. Finally, the sacrificial layer is
removed by isotropic wet etching utilizing 1% hydrofluoric
acid. Hereby, the active layer is undercut edgeways and
freely suspended channels can be defined, which contain a
2DEG.” The scanning electron microscopy (SEM) micro-
graph [Fig. 1(a)] shows the sample surface, where the under-
cut regions (pale areas with a width of approximately 2 um)
frame the active layer. In the following, the particular chan-
nel of Fig. 1(b) is characterized. It has dimensions of about
4 pm X 600 nm X 130 nm  (length X width X height). The
width at the narrowest part of the channel is chosen to be
wide enough (350 nm), so that the freely suspended channel
can be still regarded as quasi—2D.6"3‘I4 The conductance
across the channel is measured from source to drain [Fig.
1(a)], and all electrical leads are contacted by annealed pads
made of AuGeNi. The electronic width of the channel can be
controlled by applying voltages to the side gates G1 and G2,
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FIG. 1. (Color online) (a) SEM micrograph of the device. The active layer
resides on a socket which is edgewise undercut (pale stripes). Submicron
sized channels are fully suspended. (b) Side view of the center region under
a tilt angle of 75°. (c) Source-drain current /gy, as a function of source-drain
voltage Vgp (solid line) and with illumination of the channel (dashed line)
(Typeg~ 10 K and V5;=-20.5 V). (d) Corresponding absolute value of the
photoresponse |Ipg| (fenop=74 Hz). (e) Spatially resolved photoresponse |Ipg]
(V61==205 V., Vsp=1mV, Toppg~10K, Pye,~3 mW/cm? and [y,
=72.5 Hz). The scanned area is identical to the one in (a), with the contour
of the biased Gate G1 shown as dashed white lines as a guide to the eyes.

while region G3 is electronically connected to the drain con-
tact by a small bridge. All measurements are carried out in a
helium continuous-flow cryostat at a vacuum of about
107 mbar and a bath temperature of 3.5 K. Charge carriers
are locally excited by focusing the light of a mode-locked
titanium:sapphire laser with a repetition rate of 76 MHz
through the objective of a microscope onto the surface of the
sample. With a spot diameter of 2 um the power density is
chosen to be 3 mW/cm? at a photon energy Ephoton
=1.55 eV, if not stated otherwise. We find that the channel
can be pinched off at Vg ~-42 V at low temperatures
(Typeg ~ 10 K). Figure 1(c) shows the source-drain current
Isp as a function of the source-drain voltage Vg at
Vg1=-20.5 V. The dark current |Iopg| (solid line) clearly in-
creases, when the freely suspended channel is illuminated
(dashed line). For the photoresponse measurements, we chop
the laser at frequency fqp- The resulting ac-photoresponse
|1PR(Ephoton ’fchop)l = |ION_IOFF| (Ephot(m ’fchop) across  the
sample with the laser being ON or OFF, respectively, is am-
plified by a current-voltage converter and detected with a
lock-in amplifier utilizing the reference signal provided by
the chopper. Figure 1(d) depicts such a photoresponse mea-
surement as a function of Vgp, while the channel is illumi-
nated. We observe that the offset of Vep~—40 uV at |Ipg|
=0 does not depend on the laser power. Hereby, we can
deduce that rectification or thermopower effects do not domi-
nate the conductive photoresponse in our device.'™'? Instead,
we find that the input offset is given by the current-voltage
amplifier. In Fig. 1(e), the spatially resolved photoresponse
of the area shown in Fig. 1(a) is depicted. |/pg| is measured,
while the position of the sample is moved in the x-y plane in
steps of 1 wm. The measured photoresponse ranges from
|Ipr| ~30 pA, when illuminating the GaAs substrate, |Ipg|
~300 pA, when shining light onto the active layer to a
maximum of |Ipg| ~2.8 nA at the position of the freely sus-
pended channel (Vsp=1 mV, fu,,,=73 Hz). When shining
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FIG. 2. (Color online) (a) Photoresponse |Ipg| of the second sample as a
function of excitation photon energy Eyoon- The sigmoid fit is a guide to the
eye centered at Epr=1.535 eV. (b) Spectrally resolved photoluminescence
PL of the quantum well at an undercut region (filled squares with a Lorent-
zian fit centered at Eyc=1.545eV) and at a nonundercut region (open
squares with a Lorentzian fit centered at Eyye=1.550 eV). Data taken in a
microPL setup at Thppg~ 10 K.

light onto the biased gate G1 (see dashed lines in Fig. 1(e)),
|Ipg| is suppressed by one order of magnitude as compared to
illuminating the areas G2 or G3. This variation excludes glo-
bal heating effects due to the laser irradiation as the major
cause of the photoresponse.” We interpret our observations
by a combination of a photogating effect and a photodoping
effect, as discussed below.

Figure 2(a) depicts the photoresponse of a second freely
suspended channel as a function of the photon energy. The
second sample is fabricated out of the same wafer as the first
sample with device details described in Ref. 15. The sigmoid
fit to the photoresponse is centered at a photon energy of
Epgr~1.535 eV, which is larger than the band gap energy of
GaAs (Eguas~1.52 eV) at T=4 K and much smaller than
Enigaas~ 1.90 eV. This indicates that the photoresponse is
caused by excitons created in the GaAs quantum well and
not in the GaAs substrate or the AlGaAs layers. In Fig. 2(b),
the photoluminescence spectrum of the quantum well at an
undercut (non-undercut) region is represented by filled
(open) squares. The maxima have an energy of Eyc
=1.545 eV and Eyyc=1.550 eV. We interpret the observed
redshift of Epg and Eyyc as compared to Eyyc by the presence
of an electric field at the undercut regions and the resulting
Stark shift.'® The origin of the electric field can be attributed
to the midgap Fermi-level pinning by the surface states of
GaAs with respect to the electrostatic potential of the
2DEG."” At the undercut edge, the electric field has compo-
nents both in and out of the quantum well plane which are
similar in magnitude. The expected in-plane electric field can
be estimated by the band gap energy of GaAs and the lateral
depletion length of typically Ipgp~ 100 nm.'® The resulting
field strength F~0.5Eq,as/ (elpgp)=7.6X10° V/m is suffi-
cient to ionize optically created excitons in the undercut re-
gions whereas the out-of-plane field component causes the
redshift of Epg and Eyc as compared to Eyye [Figs. 2(a) and
2(b)].16,l9

Photogenerated electron-hole pairs, spatially separated
by the in-plane electric field, can contribute twofold to the
photoresponse of the device. On the one hand, holes are
trapped at the depletion region of the nanostructure, acting as
a local positive gate charge (photogating effect). On the other
hand, the electrons can increase the electron sheet density of
the 2DEG; raising the Fermi-energy within all electronicallzy
connected areas of the active layer (photodoping effect). %!
Both effects result in an optically increased conductance of
the device and they can be distinguished by their spatial
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FIG. 3. (Color online) (a) Photoresponse |Ipg| of the channel (filled squares)
and of the source-lead (open squares) of the first sample as a function of the
chopping frequency f,, in a double-logarithmic representation at
6 mW/cm?. (b) Photoresponse |Ipg| of the second sample as a function of
laser excitation power taken at Ejq0,=1.653 €V and f,,,=116 Hz. All data
are taken at Thppg ~ 10 K.

occurrence in Fig. 1(e). The local photogating effect is most
pronounced at the narrowest conducting junction of the de-
vice (i.e., the bridge) whereas the photodoping effect acts
globally without the need to illuminate the freely suspended
channel itself. Generally, both the photogating and the
photodoping effect also explain the linear dependence of the
photoresponse as a function of Vg in Fig. 1(d), which cor-
responds to a change in conductance of AG=2u S.

Spatially separated holes and electrons typically recom-
bine within milliseconds to seconds.® In order to test the time
scale of the recombination, we measure the photoresponse of
the first sample as a function of the chopper frequency [Fig.
3(a)]. The double-logarithmic representation of the data re-
veals a corresponding time constant in the range of 1-10 ms
for both the freely suspended channel (squares) and the
source-drain leads (open squares). Such a slow time constant
substantiates the interpretation that the photoresponse is
dominated by spatially separated charge carriers. The design
of the first sample allows testing our interpretation further.
Region G3 is directly connected to drain [Fig. 1(a)], while
gate G2 is connected to drain on-chip at the annealed Au-
GeNi pads. Both regions show a photoresponse with a slow
time constant [Figs. 1(e) and 3(a)]. In contrast, the biased
gate Gl is not electrically connected to the source-drain re-
gion and therefore, illumination of G1 should not result in a
global photodoping effect. Consistently, the illumination of
gate G1 does not result in a photoresponse above the experi-
mental noise level [see dashed lines in Fig. 1(e)].

We would like to note that a bolometric response would
have a similarly slow time constant.”? However, a bolometric
effect alone cannot explain the homogeneous photoresponse
at regions G2 and G3 in Fig. 1(e). Finally, Fig. 3(b) demon-
strates that all measurements are taken in a linear response
regime, i.e., the photoresponse increases linearly for laser
intensities P, <16 mW/cm?(500 pW). Again, this finding
is consistent with the interpretation in terms of dominating
photogating and photodoping effects.

In summary, we present spatially and spectrally resolved
photoresponse measurements and photoluminescence mea-
surements on freely suspended submicron channels. We in-
terpret the results in terms of the combination of a photogat-
ing and a photodoping effect, i.e., the consequence of the
spatial separation of holes and electrons.

Appl. Phys. Lett. 93, 071107 (2008)

The measured photoresponse exhibits a time constant of
1—-10 ms, which is consistent with the recombination time of
optically induced and spatially separated charge carriers.
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