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Single quantum dot nanowire photodetectors
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We report InP nanowire photodetectors with a single InAsP quantum dot as light absorbing element.
With excitation above the InP band gap, the nanowire photodetectors are efficient (quantum
efficiency of 4%). Under resonant excitation of the quantum dot, the photocurrent amplitude
depends on the linear polarization direction of the incident light. The photocurrent is enhanced
(suppressed) for a polarization parallel (perpendicular) to the axis of the nanowire (contrast 0.83).
The active detection volume under resonant excitation is 7 X 10° nm?. These results show the
promising features of quantum dots embedded in nanowire devices for electrical light detection at
high spatial resolution. © 2010 American Institute of Physics. [doi:10.1063/1.3484962]

Nanowires (NWs) offer a large material design freedom
since materials of different lattice constants can be com-
bined. The large surface to volume ratio of the NWs is ben-
eficial for detection of viruses' and gases.2 In addition, NW
devices have shown excellent light detection properties.S_6
Recently, quantum dots (QDs) embedded in NW devices
have shown both single electron control’ " and single pho-
ton emission,'’ which are important in quantum information
applications. The unique combination of an on-chip light
emitter and detector is useful for near field optical circuits
using plasmon waveguides.12 Although electrically driven
light emission from NWs and NW-QDs have been
reported,Bf15 electrical light detection using NW-QDs has
not been studied extensively. Here we present InP NW pho-
todetectors containing a single InAsP QD. InP is a suitable
material for efficient electrical photon detection since it has a
high absorption coefficient (3.1 X 10* cm™" at 1.5 eV photon
energy);'® a high electron mobility (10° c¢m?/V s), a long
minority carrier diffusion length (1-2 um) and a low sur-
face recombination velocity (10° cm/s).!”

The InP NWs studied here are unintentionally doped and
have typical lengths of 4 wm and tapered diameters ranging
from 20 to 60 nm.'” The NWs were grown by metal-organic
vapor phase epitaxy, using 20 nm gold colloids as catalysts
for vapor liquid solid nucleation.'® The InAsj,5Pg75 QD is
(5%=2) nm high with (33%1) nm diameter and is posi-
tioned in the middle of the NW." The contacts consist of a
titanium (110 nm)/aluminum (10 nm) thin film. The process-
ing of these NW-QD devices has been described in detail
elsewhere.'”

In Fig. 1, we present the photoresponse and carrier dy-
namics of a single NW photodetector at low temperature
(T=10 K). The device geometry and circuit schematics (in-
set) are shown in Fig. 1(a). The applied voltage difference
between the two contacts to the NW (source and drain) is
depicted by V,,. In Fig. 1(b), the photocurrent of the NW as
a function of V, is presented. The photodetector is excited
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with photons of 1.5 eV, close to the band gap of the wurtzite
InP NW, at laser intensities of 430 W/cm? (top trace) and
20 W/cm? (middle trace). In the bias range of 0<V,,
<1 V, an exponential photocurrent increase is observed in
the current-voltage characteristic (I-V) due to the Schottky
nature of the two contacts. Above V,;,=2 V, the photocurrent
increases linearly with applied bias. At V,;,=6 V and under
an excitation intensity of 430 W/cm?, the detector generates
a photoexcited current of ~400 pA. The dark current (bot-
tom trace) is lower than 0.5 pA up to V,,=6 V. The two

10°

2
10 s ]

10"

Absolute photocurrent (pA)

6
108 1© 4 V=2V >
< 233 eV, ge
§1o2 4 £z
g 4 188
510" a 88
38 a g2
2100 ] @ £15ev] 5 &
o 4 £
a S
10" A -

108 10" 10" 0 1 2

Incident photon rate (Hz) Time (ns)

FIG. 1. (Color online) The NW photodetector. (a) Device geometry and
working principle. Optical micrograph image shows a contacted NW form-
ing the QD photodetector. Inset: circuit schematics. (b) Illuminated
(430 W/cm?, top line; 20 W/cm?, middle line; 1.5 eV) and dark noise
(bottom line) current-voltage characteristic of the photodetector. (c) Incident
photon rate dependence of the photocurrent for excitation with an energy of
2.33 eV (squares) and 1.5 eV (triangles). Gray lines indicate linear intensity
dependence (n=1) (T=10 K, V,,=2 V). (d) Time resolved PL measure-
ment under pulsed optical excitation for V=0 V (squares) and 2 V
(circles). Data obtained using a streak-camera. Lines represent exponential
fits to the decay (excitation intensity=100 kW/cm? focused to a spot size of
=1 um, photon energy=1.5 eV, T'=10 K, collection energy range of
1.37-1.49 eV, integration time 600 s).
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Schottky contacts and the low carrier concentration in the
NW produce a high signal to noise ratio (~800) in the pho-
todetection and allow for the application of an electric field
along the NW axis.'” Since the laser is aligned to the QD, the
asymmetry in the I-V indicates that the QD is positioned
closer to the drain contact.”

In Fig. 1(c) we present the photocurrent as a function of
incident photon rate ¢ (calculated from the NW diameter, the
laser spot size and power, under the assumption of total ab-
sorption) at a source-drain bias of V;=2 V for two excita-
tion energies: at the InP band edge (1.5 eV, triangles) and
well above the band gap (2.33 eV, squares). The photocurrent
increases linearly with excitation intensity for both excitation
energies. Here, we obtain a linear dependence over three
orders of magnitude, comparable to core shell p-i-n NW
diodes.® From the linear dependence, the total quantum
efficiency (QE=I/e¢) at V=2 V is determined to be
(2.13+0.04) X 10® (1.5 eV excitation) and (4.1+0.1)
X 1072 (2.33 eV excitation), indicating that the absorption
highly depends on the excitation photon energy. The corre-
sponding noise equivalent power (NEP) of the detector is
10° W/VHz (1.5 eV) and 10713 W/V’E (2.33 eV), where
NEP is defined as (hv/QE)*(D/e), where D is the dark cur-
rent noise (rms of 0.02 pA at V,;=2 V, sampling frequency:
100 Hz).

We now investigate the effective lifetime of the photo-
excited carriers in the NW (74), which depends on the ap-
plied source-drain bias. Lifetime measurements are per-
formed under optical excitation by a laser beam focused at
the QD position for two applied source-drain biases in Fig.
1(d). Here, the normalized photoluminescence (PL) intensity
from the NW (the detection energy range of 1.37-1.49 eV
excludes the QD photoemission) is presented as a function of
time after excitation by a 2 ps laser pulse of 100 kW/cm?
(laser energy=1.5 eV, laser spot size =1 um). At V
=0 V (black squares), a biexponential decay can be fitted
(upper red trace) with 180 ps and 1.5 ns time constants. The
long process we attribute to recombination of trapped photo-
excited carriers. One possible explanation is that the carrier
trapping is caused by surface roughness/states of the NW. At
V.s=2 V (blue circles) we are able to fit a single exponential
decay (lower red trace) with a time constant (7.) of 175 ps
indicating that the surface state-trapping is removed. The
short lifetime indicates that stacking faults are present in the
wurtzite InP NW, which has been observed before for InP
NWs grown from 20 nm colloids at 420 °C and a V/III ratio
of 350.”

In the following, the photodetection properties of the
single InAsP QD embedded in the NW are presented. PL
spectra of a contacted NW-QD (V,,=0 V, laser aligned to
QD position, spot size =1 um) are shown in Fig. 2(a). The
emission shows typical state filling of the single QD s, p, and
d shells under increasing excitation intensity. More extensive
optical properties are presented in earlier work.'™" The
broad peak at 1.46 eV is attributed to wurtzite InP NW emis-
sion in the presence of zinc blende sections of varying
sizes.”! In Fig. 2(b), the integrated QD s-shell PL intensity is
compared to the generated photocurrent as a function of V.
The integrated PL range is indicated by the solid-line box in
Fig. 2(a). At V,,=0 V and 10 W/cm? excitation intensity,
only PL from the NW-QD is observed. Beyond V,;=1 V,
the PL intensity decreases, while the photocurrent increases,
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FIG. 2. (Color online) Nonresonantly excited PL and photocurrent (laser
spot focused to QD position). (a) PL spectra of the QD as a function of laser
excitation intensity. The box indicates PL conditions for (b) whereas the
dashed line indicates QD s-shell resonance (excitation energy=2.33 eV,
bias=0 V, T=10 K). (b) Comparison of the integrated PL intensity to the
photocurrent as a function of applied source-drain bias (excitation
intensity=10 W/cm?, photon energy=2.33 eV, T=10 K, integration time
=10 s). Top, band-structures of the NW photodetector QD indicating radia-
tive recombination and tunneling processes.

thereby revealing the competing processes of photoemission
and photocurrent. At V ;=2 V, no PL is observed and the
photocurrent saturates (180 pA). The two processes are pre-
sented schematically in the upper panel of Fig. 2(b). To dem-
onstrate that the photocurrent can also be generated from the
QD, the QD is resonantly excited in the following.

The spatial and polarization selectivity of the NW pho-
todetector under resonant excitation of the QD is presented
in Fig. 3. The excitation energy for these experiments is in-
dicated in Fig. 2(a) by the dashed line. The QD volume is
7% 10 nm?, which is two orders of magnitude smaller than
the smallest previously reported active region in a NW
photodetector.22 Figure 3(a) shows the resonant photocurrent
as a function of laser position on the sample. The small size
of the detector enables imaging of a laser spot with the single
QD photocurrent. A spot size of 0.62 0.1 wm (full width at
half maximum) is obtained, which corresponds to the diffrac-
tion limit of the excitation beam (NA=0.75, A=933 nm).
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FIG. 3. (Color online) The QD photodetector. (a) Contour plot of the pho-
tocurrent as a function of laser position under resonant excitation of the QD
s-shell [see Fig. 2(a), dashed line, for resonance energy]. Contacts and nano-
wire (dashed lines) correspond to geometry presented in Fig. 1(a) (laser
intensity=30 kW/cm?, incident photon energy=1.328 eV, V=2 V, T
=10 K). (b) Polarization dependence of the photocurrent under resonant
excitation of the QD (laser intensity=200 kW/cm? photon energy
=1.328 eV, T=10 K, V=6 V). Each square represents the average cur-
rent over 100X 10 ms=1 s. The data fits to ~cos*(a), which is represented
by the solid line. At a=0 the incident light is polarized along the NW axis.
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In contrast to theoretical predictions,23 it has been ex-
perimentally demonstrated that NW-QD optical excitation is
most efficient under excitation of linearly polarized light in
the direction parallel to the NW axis.”* In that work, the QD
was excited nonresonantly. Here, we use the photocurrent
technique to resonantly excite the optically allowed s-shell
transition and study the polarization dependence when the
laser is aligned and focused to the QD [see Fig. 3(b)]. The
resonant photocurrent experiment confirms the previously re-
ported polarization anisotropy, with an enhanced photore-
sponse for a linear polarization parallel to the NW axis. The
degree of linear polarization p can be obtained from the pho-
tocurrent amplitude: p=1 .~ nin/ Imax + Imin=0.83. The po-
larization anisotropy in the resonant excitation of the QD
indicates that the absorption is influenced by the NW, which
acts as an elongated and highly refracting structure. The QD
p value of 0.83 is consistent with Mie calculations for
NWs.** The degree of linear polarization is similar to previ-
ously reported values for nanotubes® and wires.” The total
QE of the resonant QD photocurrent ranges from 3 X 107
(perpendicular polarization) to 2X 10™* (parallel polariza-
tion). We note that by assuming total absorption for the QD
cross section, we underestimate the QE. On-chip waveguides
could highly improve the collection efficiency of the QD.

To summarize, we presented single QDs embedded in
NW photodetectors. We demonstrated a NW photocurrent
QE of up to 4% with a NEP of 101> W/ V’E. In addition, we
have shown that the QD photocurrent has high spatial and
linear polarization selectivity. These results represent the
promising features of QDs embedded in NW devices for
electrical light detection at subwavelength spatial resolution.
In order to obtain single photon detection, it is desirable to
induce multiplication via a p-i-n junction26 in future NW-QD
photodetectors.
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