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We report an individually addressable Ti/GaAs metal-semiconductor hybrid optical nanosensor with
positive photoresistance and a sensitivity that increases as the device dimensions shrink. The
underlying physics relates to the crossover from ballistic to diffusive transport of the photoinduced
carriers and the geometric enhancement of the effect associated with a Schottky-barrier-coupled
parallel metal shunt layer. For a 250 nm device under 633 nm illumination we observe a specific
detectivity of Dⴱ = 5.06⫻ 1011 cm 冑 Hz/ W with a dynamic response of 40 dB. © 2010 American
Institute of Physics. 关doi:10.1063/1.3480611兴
The ongoing effort to develop inexpensive optical sensors with high sensitivity and reduced size in the submicron
regime is driven by the positive impact they would have on a
number of disciplines ranging from medical instrumentation
to consumer electronics.1 While much progress has been
made2 and sensors as small as 100 nm have been reported,3
structures with dimensions below 500 nm are typically incompatible with the fabrication methods that stimulate commercialization. In this letter, we describe an individually addressable 250 nm positive photoresistance optical sensor that
exhibits significant room temperature sensitivity in the visible spectral region and can be fabricated using conventional
methods. Positive photoresistance 共negative photoconductivity兲 has been observed in macroscopic semiconductor
heterostructures4 and nanoparticle films.5 However, the nanoscale Ti/GaAs metal/semiconductor hybrid structures
共MSHs兲 we describe here function via a fundamentally distinct principle; the photoinduced switching from ballistic6 to
diffusive transport of carriers. This results in a scaledependent positive photoresistance 共SDPP兲 that increases
with decreasing dimensions. The photoresistive effect in an
MSH, results from photocarrier-induced electrical current reallocation between the semiconductor and metal that changes
the effective resistance.
The MSH structures we study, consist of a Au/Ti top
surface layer that makes a Schottky contact to the underlying
GaAs. We refer hereafter to the Au/Ti layer as the shunt 共see
below.兲 The details of the structure are shown in Fig. 1. Our
devices were prepared on lattice-matched 90 nm thick Sidoped GaAs epitaxial layers 共 = 3225 cm2 V−1 S−1, ND = 4
⫻ 1017 cm−3兲7 grown by molecular beam epitaxy. All MSH
we prepared had a fixed geometrical arrangement of the
mesa, shunt, and metal leads but varied in scale/size from

macroscopic 共5 m, 1 m兲 to nanoscopic 共500 nm, 250
nm兲 as shown for the largest and smallest devices in the
scanning electron micrographs of Fig. 2. To directly ascertain
the effect of the shunt, equivalent but shuntless reference
devices were also studied. A minimum of four devices for
each device size has been studied; all devices of a specific
size show equivalent results. Details of the device fabrication
procedures are described elsewhere.8
All optical and transport measurements presented here
were carried out at room temperature. Our devices employ a
modified van der Pauw mesa structure in which current is
applied between leads 1 and 2 and voltage is measured between leads 3 and 4 关see Fig. 2共a兲兴. The four-point resistance
is defined as R = V34 / I12. The spatial sensitivity of the SDPP
devices has been measured by recording the lateral positional
dependence of R 共image plot兲 as an unfocused He–Ne laser
beam 共TEM00 mode, beam waist diameter 800 m, output 5
mW, and wavelength 632.8 nm兲 traverses the sensor area in
steps, down to 10 m.
The Ti/GaAs interface forms a well-characterized
Schottky barrier while the Au/Ti layer acts as a shunt for
current crossing the barrier 共hence, the name兲.8 Thus, in contrast to typical top-gated structures such as FETs, the shunt
provides an important and intended current path. Moreover,
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FIG. 1. 共Color online兲 A cross-sectional view of the structure of the SDPP
device.
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FIG. 4. 共Color online兲 The dynamic responses of SDPP devices of different
sizes to illumination by 632.8 nm radiation. Device size: ⽧—5 m,
䊏—1 m, 쎲—500 nm, and 䉲—250 nm.
FIG. 2. 共Color online兲 SEM images 共top panel兲 and resistance image plots
共bottom panel兲 of the 5 m device 共a兲 and 250 nm device 共b兲. Panel 共a兲
shows the contact labeling scheme. All image plots were acquired with an ac
bias of peak current I34 = 100 nA.

even though the shunt is essentially opaque at 633 nm, illumination of the exposed GaAs mesa at that wavelength is
sufficient to promote current flow through it as demonstrated
by the direct I-V measurements shown in Fig. 3. The I-V
characteristic changes from Schottky-like to Ohmic at high
illumination. This is accompanied by a reduction in the zero
bias resistance by a factor of 209 with an illumination intensity change of 10−5 I0 to I0, where I0 is 1 W / cm2. The
intensity-dependent open circuit voltage seen in Fig. 3 is
characteristic of illuminated Schottky barriers9 and in our
case is no doubt caused by the migration of photogenerated
carriers into the interface/depletion region.
A two-dimensional image plot for the 5 m device is
shown in Fig. 2共a兲. The general features observed for the
image plot of the 1 m device are similar. The resistances
of these devices are large when the laser spot is far from
the device center 共minimum illumination intensity兲 and
smallest when the laser is approximately centered on the device 共maximum illumination intensity兲. If we define the relative photoresistance as ␦R共P , 兲 = 兩关R共P兲 − R0兴 / R0兩 ⫻ 100%,
where R0 is the dark resistance, P is the total power illumi-

FIG. 3. 共Color online兲 The intensity dependence of the two-point I-V characteristic of the Schottky diode component of a 5 m SDPP device
共I0 = 1 W / cm2兲.

nating the active region, and  is the wavelength then the
maximum ␦R共P , 兲 values for the 5 m 共R0 = 978 ⍀兲 and
1 m 共R0 = 1301 ⍀兲 devices are both 58% for maximum
illumination of P = 100 nW and P = 4 nW, respectively. The
optical characteristics for the 500 nm 共R0 = 40 ⍀兲 and 250
nm 共R0 = 6.79 ⍀兲 devices are also similar to each other but,
remarkably, opposite to those of the 5 and 1 m devices as
can be seen in Fig. 2共b兲. Here the resistance increases drastically with increased illumination. The different physical
process now prevalent must overcome the reduction in the
resistance originating from nonequilibrium carriers.
Carriers traversing the semiconductor exhibit diffusive
transport with resistivity  = 1 / 共ne兲, determined by the concentration 共n兲 and mobility 共兲. The product n increases
upon illumination;10 thus, above band-gap illumination of 5
and 1 m devices reduces their four-point resistance as do
the carriers traveling through the shunt. Given the opacity of
the shunt, the observed response can be clearly distinguished
from the lateral photovoltaic effect.11 These negative photoresistive results are similar to the photo response of a macroscopic In/GaAs MSH structure with an Ohmic sidewall
interface that has recently been reported.12 In both cases the
photo response is amplified by the geometry of the device
and the current pathway provided by a metal shunt.
A comparative study of dynamic responses for different
size devices with respect to light intensity is presented in Fig.
4. The response curves clearly demonstrate a wide dynamic
range, as high as 40 dB, for our nanoscale devices. By considering the Gaussian beam profile, the opaque shunt and
contacts, and the absorbance of the illuminated region of the
doped GaAs epilayer we find ␦R共P兲 values for the 500 nm
and 250 nm devices of 965% 共1.0 nW兲 and 9462% 共0.25
nW兲, respectively. The optical characteristics of the 500 nm
control device are similar to that of the 5 and 1 m devices
but the maximum ␦R共P兲 is only 6% 共2 nW兲. With a maximum power density of 1 W / cm2 of 632.8 nm radiation and
radiative recombination13 the steady state photoinduced carrier density is n ph ⬇ 1.5⫻ 1016 cm−3.14 This alone accounts
well for the 6% ␦R共P兲 of the control device and emphasizes
the enhancement of ␦R共P兲 by the shunt.
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To interpret our results, we note that if the lateral geometry and placement of the shunt and leads is preserved, the
measured R共P兲 values should depend only on the steady state
resistivity. If the same recombination process is prevalent in
each device, n ph is fixed and the devices would have approximately equal resistances at maximum illumination. As can be
seen from Fig. 4, the values of R共P兲 for all four devices are
within a factor of 2 under maximum illumination and we
conclude that all devices are diffusive in this limit. The photoresponse in the submicron devices can be explained by
considering quasiballistic carrier transport in addition to the
diffusive transport.15 When the relevant length scales of the
conductor become comparable to the momentum mean free
path of the carriers,  p, electrons can travel ballistically.6,16
Here, the resistance is determined by the contact resistance
and is sensitive to interactions with the boundaries.17
Transport measurements of the GaAs epitaxial layer of
our devices7 have determined that 18 nmⱕ  p ⱕ 35 nm for
2 K ⱕ T ⱕ 300 K. Because of the space constriction for the
submicron devices and fabrication limitations the actual
separation of the Ohmic leads and shunt 共L兲 varies from 20
to 40 nm for the 500 nm device and 15 to 30 nm for the 250
nm device. Hence for these devices L ⬃  p and L ⬍  p, respectively. Thus, in the dark, the majority of the carriers
travel ballistically across the gap between injector contact
and shunt. This accounts for the 共counter intuitive兲 small
value of R0 for the nanoscopic devices. The larger ␦R共P兲
values of the 250 nm device relative to the 500 nm device
can also be attributed to the ballistic and quasiballistic traversal of the carriers. For smaller separation between the lead
and shunt a larger proportion of electrons travel ballistically;
hence the response to illumination will be more acute for
smaller gap devices. Presumably, the increase in ␦R共P兲 with
decreasing device size will ultimately be limited by boundary scattering.
Our explanation for the observed SDPP is summarized
as follows: At low bias, the introduction of a sufficient density of photoinduced carriers gives rise to additional scattering 共from photoionized traps or scattering centers兲 resulting
in a transition from ballistic to diffusive transport and a corresponding increase in resistance.18 If this increase in resistance is greater than the reduction due to the photoinduced
carrier density 共6%兲 and the influence of the shunt, a positive
photoresistance will result. The exact mechanism for the
conversion from ballistic to diffusive transport will depend
on the specifics of the excitation and recombination mechanisms; however, the lower R0 of the 500 and 250 nm devices
supports the assertion that these are in the ballistic regime
and the convergence of the resistance of all four devices
within a factor of 2 under maximal illumination supports a
size-independent final diffusive state.
To evaluate the sensitivity of SDPP sensors using a conventional figure of merit we have calculated the specific detectivity, Dⴱ = RV冑AD / Vn at minimum illumination, where
RV = ⌬V / ⌬P is the responsitivity, AD is the active area of
detection, Vn is the root-mean-square noise voltage per unit
bandwidth, ⌬P is the incident power on the active area, and
⌬V is the corresponding voltage change.19 For the 250 nm

device, we find a resistance change of 16.7 ⍀ for 2.5
⫻ 10−14 W laser power after passing through a 40 dB ND
filter. Since, the current through the device was 100 nA, RV
= 6.68⫻ 106 V / W. In the Johnson noise limit, Vn can be
replaced by the thermal noise voltage, Vn = 共4kTR0兲1/2 where
k is Boltzmann’s constant.20 For the 250 nm device, Dⴱ
= 5.06⫻ 1011 cm 冑 Hz/ W. This is competitive with the published Dⴱ values of much larger individually addressable
photodetectors.21,22 关The Dⴱ values for the 5 m, 1 m,
and 500 nm devices were 2.0, 1.0, and 3.3
⫻ 1011 cm 冑 Hz/ W, respectively.兴
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