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Abstract. We report recent progress toward on-chip single photon emission and detection in
the near infrared utilizing semiconductor nanowires. Our single photon emitter is based on a
single InAsP quantum dot embedded in a p-n junction defined along the growth axis of an
InP nanowire. Under forward bias, light is emitted from the single quantum dot by electrical
injection of electrons and holes. The optical quality of the quantum dot emission is shown to
improve when surrounding the dot material by a small intrinsic section of InP. Finally, we report
large multiplication factors in excess of 1000 from a single-Si-nanowire avalanche photodiode
comprised of p-doped, intrinsic, and n-doped sections. The large multiplication factor obtained
from a single Si nanowire opens up the possibility to detect a single photon at the nanoscale.
© 2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3562279]

Keywords: nanowires; single photon detection; quantum dots; electroluminescence; photolu-
minescence; Si avalanche photodiode.

Paper 10057R received Sep. 23, 2010; revised manuscript received Dec. 29, 2010; accepted for
publication Jan. 5, 2011; published online Mar. 29, 2011.

1 Introduction

Semiconductor nanowires are particularly attractive in a variety of applications such as quan-
tum information,?> LEDs,? solar cells,* and the detection of viruses® and gases.6 In terms of
scalability, single nanowires can be controllably positioned,” electrically contacted>®® and in-
tegrated with Si-based technology.'? In addition, the chemical doping along the nanowire can
be controlled, thus allowing p-n and p-i-n structures to be fabricated®!! for light emission'?
and detection.!> The one-dimensional device geometry of the nanowire has the added benefit
that all of the electrically injected or extracted carriers are anticipated to flow through the active
region of the device, such as a single quantum dot (QD). This feature is expected to increase
the efficiency for converting an electrical signal into light, or vice versa'* necessary for light
generation and detection. Combined with plasmon waveguides,'® these electro-optic devices
potentially form the basis to perform quantum optics experiments at the nanoscale, without the
requirement for a complex optical setup.
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In the work presented here, we investigate single semiconductor nanowires toward on-chip
single photon emission and detection with the aim of performing these tasks electrically in the
near infrared. Similar to previous work, the single photon emitter is based on a single quantum
dot, which has been shown to emit single photons'®!” or entangled photons'® on demand.
However, until now, most of these devices are based on self-assembled quantum dots that are
surrounded by a three-dimensional host matrix. In such a device, if driven electrically, only
a fraction of the injected current is converted into an emitted photon and is therefore very
inefficient. It would be desirable to build a device in which 100% of the injected current would
recombine from only a single quantum dot. Our approach to achieve an efficient electron-
photon conversion is to embed a single InAsP quantum dot within the depletion region of a p-n
junction synthesized in an InP nanowire. Although we have shown electrical injection into a
single quantum dot in previous work,'? we show here that the dot emission can be improved by
surrounding the quantum dot with a small intrinsic region of InP. The benefits of embedding
single quantum dots in nanowires to increase the efficiency of extracted light has become
apparent recently in the work of Claudon et al.'” In that work, an efficiency of 72% has been
achieved for the single photon source by embedding a single quantum dot in a tapered nanowire. !’
Their tapered nanowires have been defined with top-down processing techniques, which may
affect outcoupling of light due to the surface roughness of the waveguide caused by etching.
Moreover, such a device has only been operated by optical pumping with an external laser. Here,
we utilize bottom-up fabrication approaches to synthesize nanowires and rely only on electrical
injection of carriers. Finally, we present a single-Si-nanowire avalanche photodiode, which is
comprised of p-doped, intrinsic and n-doped regions. We demonstrate here that multiplication
factors in excess of 1000 are achieved from only a single-Si-nanowire. This multiplication factor
is two orders of magnitude larger compared to previously reported single-nanowire devices.'3
The large multiplication factor that we obtain opens up the possibility to detect a single photon
from only a single nanowire device.

This paper is organized as follows: in Sec. 2 we first present our quantum light-emitting
diode (QLED), which is based on a single InAsP quantum dot embedded within the depletion
region of a p-n junction synthesized in an InP nanowire. In Sec. 2.1, the optical properties
of single InAsP quantum dots in InP nanowires is introduced. Section 2.2 shows that by sim-
ply applying a voltage across the nanowire comprised of a p-n junction, light is emitted by
the single quantum dot. In Sec. 2.3, the quantum dot is surrounded by a small intrinsic re-
gion of InP, which is shown to improve the optical properties of the quantum dot emission
and potentially increase the quantum efficiency of the QLED. Finally, we present a single-Si-
nanowire avalanche photodiode in Sec. 3. Details of the device are provided in Sec. 3.1. The
relatively large multiplication factor obtained from only a single Si nanowire is presented in
Sec. 3.2. In Sec. 3.3, position-dependent photocurrent measurements are presented, which con-
firm that the electron-hole multiplication originates from within the depletion region (intrinsic
section). The main conclusions are summarized in Sec. 4.

2 Quantum Light-Emitting Diode

In this section, we report recent progress on our QLED comprised of a single InAsP quantum
dot embedded within the depletion region of a p-n or p-i-n structure that is synthesized in an
InP nanowire. A typical fabricated InP nanowire p-n junction device without the quantum dot
is shown in an atomic force microscopy (AFM) image of Fig. 1(a). A steplike change of the
nanowire is observed from the n-side to p-side of the p-n junction. The InP nanowires were
grown at Philips Research Laboratories in Eindhoven by the vapor-liquid-sold (VLS) growth
method by use of low-pressure metalorganic vapor-phase epitaxy (MOVPE). The n-type dopant
gas is hydrogen sulfide, and the p-type dopant gas is diethyl zinc. In samples for which a single
quantum dot is incorporated within the depletion region of the p-n junction, the dopant gases are
shut off between the #n- and p-type InP growth and, instead, an arsine (AsHj3) flux is added to the
gas flow. Further details of the growth for these nanowires can be found in Ref. 12. Typically
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Fig. 1 (a) AFM image of a single contacted nanowire comprised of p- and n-doped sections.
The contacts were defined by electron-beam lithography and metal evaporation. (b) Typical I-V
characteristic at low temperature (10 K) for a p-n and p-i-n InP nanowire. (c) Calculated band
structure of a p-n and p-i-n structure with an embedded QD within the depletion region. The
applied bias voltage V is zero. The quasi-Fermi energy level is at 0 eV (dashed line). (d) Position-
dependent photocurrent measurement with the p-n junction under a forward bias of 4 V. The
reflection image and photocurrent (PC) image are superimposed onto a single image. Both the
reflection image and PC image were acquired simultaneously. The maximum of the PC signal
was obtained near the Schottky contact ( p-side of nanowire). Laser power = 500 nW; Excitation
wavelength = 532 nm.

in this study, the nanowire diameter ranges from 30 to 40 nm and is ~4 um in length. After
growth, the InP nanowires were transferred from the as-grown substrate by a tissue tip-transfer
method and are randomly dispersed on a marker field. The marker field is used in electron-beam
lithography such that electrical contacts can be aligned to an individual nanowire for device
applications as depicted in Fig. 1(a).

In order to make ohmic contacts to both sides of the nanowire, we use Ti/Al (100:10 nm) for
the n-side and Ti/Zn/Au (1.5:30:90 nm) for the p-side. However, the present contacts exhibit
a Schottky behavior due to Fermi-level pinning of the p-contact to InP 900 meV above the
valence band.'?>!” The Schottky nature of the p-contact is evident in the low-temperature (10 K)
current-voltage (/—V') characteristic of Fig. 1(b). These /—V curves are typical for p-n and p-i-n
InP nanowires. Under forward bias of the p-n junction, an onset of the current is observed at
~6 V, which is more than four times the bandgap of InP. This Schottky nature of the p-contact
is confirmed by position-dependent photocurrent measurements in Fig. 1(d) under forward bias
of 4 V. Here, the maximum photocurrent originates from the p-type Schottky contact. In reverse
bias, the nanowire p-n diodes exhibit minimal current (~10 pA) until reverse breakdown occurs
at ~15 V.12

Figure 1(b) also presents the /—V characteristic of a p-i-n nanowire device in which a small
200-nm undoped region of InP has been added in between the p- and n-doped regions. The
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Fig. 2 (a) High-resolution TEM image of an InP nanowire with embedded InAsP quantum dot.
(b) Power (P)-dependant photoluminescence spectroscopy of a typical INAsP/InP quantum dot at
low temperature (4.2 K). The quantum dot was excited with above bandgap excitation (532 nm).
The collected luminescence was dispersed by a single grating spectrometer and detected with a
liquid-nitrogen—cooled Si CCD. Each spectrum is offset along the y-axis for clarity. Power density
range corresponds to 0.5 (bottom), 1, 3, 5, 20, and 40 (top) W/cm?.

addition of the intrinsic region shifts the onset voltage to higher bias due to the added resistance
of the intrinsic region. A comparison of the bandstructure for both the p-n and p-i-n nano-
wire is shown in Fig. 1(c), which was calculated by a one-dimensional Poisson equation using
the commercial software NextNano.?’ The depletion width of the p-n junction is calculated
to be 100 nm. This 100 nm is similar to the estimated depletion width by photocurrent
measurements in earlier work.!? In the p-i-n structure, the depletion region is increased to
200 nm in order to provide a protective barrier between the dopants and the single quantum
dot embedded within the depletion region. This protective barrier is intended to improve the
quantum dot emission (see Sec. 2.3). We operate the device by forward biasing the junction.
Electrons and holes are injected into the single quantum dot from either side of the nanowire
when the quasi-Fermi level is above the lowest energy-level state of the quantum dot. Finally,
the injected electrons and holes recombine from the ground state of the system to emit a photon
with a frequency dependent on the quantum dot size.

2.1 Optical Properties of Single Quantum Dot

We investigate an InAsP single quantum dot within an undoped InP nanowire. The intrinsic
undoped region containing a single quantum dot is intended to be embedded in a p-n junction.
In future work, this quantum emitter is to be utilized as a single photon source, which can
be driven electrically within the p-n junction defined along the nanowire elongation axis.
Figure 2(a) shows a high-resolution transmission electron microscope (HRTEM) image of a
single InAsP quantum dot within an InP nanowire. Here, the quantum dot is grown very close
to the gold colloid to more easily obtain the TEM images. This is in contrast to the normal
process of growing the quantum dot in the middle of the nanowire for optical access in devices
that are processed lying on the substrate.” We have studied InAsP quantum dots in nanowires
with HRTEM and in dark field (HAADF) combined with EDX to determine the chemical
composition in earlier work.'?> The dots have the wurtzite crystal structure, without stacking
faults.

Typical photoluminescence from a single quantum dot as a function of increasing laser power
is shown in Fig. 2(b). At low excitation power, only a single emission peak is observed attributed
to recombination of a single exciton X involving a single electron-hole pair in the quantum dot
s-shell. It is this emission peak, when filtered, that produces a single photon source on
demand.'®!” Of particular significance, only a single quantum dot is probed optically with-
out the requirement of single-dot isolation techniques. Increasing the excitation power further
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Fig. 3 (a) Low-temperature (10 K) EL and PL spectrum from a single QD embedded in a p-n
junction. EL is taken under forward bias of 6.2 V, and PL is taken at 0 V. Injection current in
EL is 100 nA, and excitation power in PL is 100 nW (excitation wavelength = 532 nm). (b)
Low-temperature (10 K) EL as a function of increasing current injected by the p-n junction under
forward bias. The EL spectra are offset along the y-axis for clarity. (c) Energy-band diagram,
which illustrates the indirect recombination process involving recombination from electrons in
the quantum dot with holes in the p-doped region. Indirect transitions between electrons in the
n-doped region and holes in the QD are equally probable. E;, conduction-band energy; E,,
valence-band energy.

modifies the average exciton occupancy of the quantum dot.?! At ~2 meV higher energy, the
biexciton (X X) appears in the optical spectrum, which corresponds to recombination of an
exciton in the quantum dot s-shell in the presence of an additional exciton. This peak can appear
either at higher or lower energy than the single X line, depending on the quantum dot height.??

Finally, p-shell emission is observed when the s-shell is completely filled. Concomitant
with observation of p-shell emission are satellite peaks about the X and XX line due to s-
shell recombination perturbed by the presence of excitons occupying higher lying states in the
p-shell.?! More extensive optical properties of dots in wires can be found in recent work by Van
Weert et al.?* and Van Kouwen et al.>!'#

2.2 Single Quantum Dot in a p-n Junction

We investigate an InAsP single quantum dot embedded within a p-n junction defined along
the nanowire-elongation axis. Electroluminescence (EL) from a single quantum dot is detected
when the p-n junction is forward biased above the onset voltage. Figure 3(a) compares a
typical EL spectrum with a photoluminescence (PL) spectrum from the same quantum dot.
In contrast to the PL emission, the quantum dot EL emission peak is observed on top of a
broad emission spectrum. The broad emission peak at higher energies is likely due to indirect
transitions involving recombination from the quantum dot with either the n- or p-doped regions
[see Fig. 3(c)]. The QD emission is also broadened as compared to the expected PL presented
in Sec. 2.1. The increased linewidth is likely caused by interactions with charges that are in the
vicinity of the dot either from the doping in the nanowire or charge traps in the SiO, substrate.’

Our interpretation of indirect transitions is corroborated in Fig. 3(b) where we present EL
as a function of increasing current injected by the p-n junction under forward bias. Here, we
observe a blueshift for increasing current, which is consistent with a lowering of the valence
band on the p-side with respect to the quantum dot ground state. This blueshift is clearly not
observed for the quantum dot emission peak. Another possible mechanism for the observed
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Fig. 4 Comparison of low-temperature (10 K) EL emission for (a) p-n and (b) p-i-n with an
embedded InAsP quantum dot within the depletion region. The injected current for both EL
spectra is ~100 nA. The broad emission peak (indirect transitions) is suppressed in the p-i-n
structure compared to the p-n structure. Schematic view of the p-n and p-i-n structures is shown
in the upper panel. S, source for the p-contact; D, drain for the n-contact.

blueshift for increasing current is attributed to state filling at higher injection currents. Such
behavior is analogous to increasing the laser power presented in Sec. 2.1. However, there is an
increased broadening of the EL emission here because there are more states available in the p-
and n-doped regions as compared to the discrete energy levels of the quantum dot.

From the EL measurements presented here, we estimate the quantum efficiency of electrons
injected to photons generated to be ~1073. We assume in this calculation a light detection
efficiency for the EL measurement of ~0.1%. The estimated efficiency is much less than would
be expected from a one-dimensional system whereby 100% of the injected current contributes
to emitted photons. Possible reasons for inefficiency are minority carrier diffusion escape to the
metal contacts due to an imbalance for the number of electrons and holes and recombination via
indirect transitions.

2.3 Single quantum dot in a p-i-n junction

To improve the EL emission, we synthesize 100 nm of intrinsic InP on either side of the InAsP
quantum dot, which is embedded within the p-n junction. The energy band diagram of this p-i-n
structure was presented previously in Fig. 1(c). Here, the depletion region of the p-i-n structure
is 200 nm as compared to 100 nm for the p-n structure. The increased separation between the
quantum dot and doped sections of the InP nanowire is expected to improve the dot quality and
therefore quantum efficiency of the quantum LED.

A comparison of the EL emission for both the p-n and p-i-n structure is shown in Fig. 4.
In the case of the p-i-n structure [Fig. 4(a)], a suppression of the broad emission peak at higher
energy is observed as compared to the p-n structure [Fig. 4(b)]. This suppression is due to an
additional ~100 nm of undoped InP between the quantum dot and the doped sections of the
nanowire, which reduces the probability for recombination via indirect transitions and direct
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transitions involving the p- and n-doped regions. Although we expect an increased quantum
efficiency for the p-i-n structure, we observe similar count rates for the quantum dot emission
from both structures. Further work to improve the count rate of these single quantum dots is
required in order to obtain a more accurate assessment of quantum efficiency.

3 Si nanowire avalanche photodiode

In this section, we report recent progress toward single photon detection with only a single
Si nanowire comprised of p-doped, intrinsic, and n-doped sections (p-i-n diode). Under the
appropriate growth conditions of the Si nanowire, an avalanche breakdown mechanism can be
achieved under large reverse bias of the p-i-n diode.'>** The avalanche mechanism is a key
requirement to detect single photons from a single nanowire. We show here that we can fabricate
Si p-i-n avalanche photodiodes, which exhibit large multiplication factors, in excess of 1000,
near the breakdown voltage of the p-i-n diode. We perform position-dependent photocurrent
measurements that verify the electron-hole multiplication occurs within the depletion region of
the Si nanowire with spatial resolution of 600 nm (laser spot diameter).

3.1 Device

Shown in Fig. 5(a) is a typical scanning electron micrograph (SEM) of a single contacted Si
nanowire, which was transferred onto a SiO, substrate similarly to the quantum light-emitting
diode. Both ends of the nanowire are contacted with Ti/Au (5 nm:100 nm) defined by electron-
beam lithography and evaporation. The Si nanowires were grown at IBM Ziirich by the vapor-
liquid-solid (VLS) growth mechanism using chemical vapor deposition (CVD). The Si nanowire
growth was achieved by using a diluted precursor gas (silane: SiHy). The p-type Si segment
of the nanowire is synthesized first, after which an intrinsic Si region and n-type Si segment is
grown. The p-side of the nanowire is ~60 nm diam, whereas the n-side is ~20 nm diam. To
facilitate the p- and n-type doping, diborane was used as the precursor gas for the p-dopant and
phosphine was used as the precursor gas for the n-dopant.?

Operation of a Si nanowire avalanche photodiode is achieved close to the reverse breakdown
voltage of the p-i-n diode. A schematic view of the energy-band diagram for the p-i-n diode is
shown in Fig. 5(b) under a large reverse bias. Here, a single incident photon that is absorbed in the
intrinsic region or within the diffusion length of the intrinsic region generates an electron-hole
pair, which is then separated and accelerated across the depletion region by the large electric
field. After the charge carrier gains enough kinetic energy to overcome the impact ionization
threshold, and on collision with the lattice, an additional electron-hole pair is created by impact
ionization. As the impact ionization process is repeated, the result is a multiplication of electrons
and holes and hence, a current may be detected by an external electric circuit from only one
incident single photon. To measure a large-enough signal from only a single photon, the diode
is operated beyond the breakdown voltage of the p-i-n diode in the Geiger mode. In the work
presented here, however, we operate the Si nanowire avalanche photodiode close to the reverse
breakdown voltage in order to investigate the photoresponse from more than one photon and
quantify the multiplication factor of a single Si nanowire.

Two different Si nanowire p-i-n structures were fabricated with the aim of reaching the
avalanche breakdown regime under large reverse bias. In Fig. 5(c) and 5(d), we present the
room-temperature current-voltage (/~V) characteristic for a p-i-n structure with an intrinsic
region of 500 nm and 1 pm, respectively. In both structures, a diode behaviour is observed,
which is typical of our Si nanowire p-i-n structures. The reverse-bias breakdown voltage
is different for the two structures. The Si nanowire breakdown voltage with the 500-nm in-
trinsic region was —14 V (E = 280 kV/cm), while the Si nanowire with the 1 um intrin-
sic region exhibited a reverse breakdown voltage of —32 V (E = 320 kV/cm). Although the
reverse breakdown voltages significantly differ, the electric fields at reverse breakdown are
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Fig. 5 (a) SEM of Si-nanowire avalanche photodiode device. Both ends of the nanowire are
contacted with Ti/Au (5:100 nm). (b) Schematic view of the band structure for the p-i-n nanowire.
One single incident photon on the nanowire that is absorbed, creates an electron-hole pair
and induces an avalanche effect close to the reverse-diode breakdown of the p-i-n diode.
Room temperature -V characteristic for a single Si nanowire with an intrinsic region, i, of
(c) i=500 nm and (d) i =1 um. The doping of these Si nanowires are Ny =1 x 10'® cm~2
and Np = 1 x 10"® cm~3. The background doping in the intrinsic region is estimated to be on the
order of 1 x 10'® cm~3.

similar. The electric field was calculated assuming all of the voltage dropped across the intrinsic
region of the nanowire. Of particular significance is that an avalanche breakdown is achieved in
both devices under large reverse bias. We confirmed this observed /-V behavior was attributed
to an avalanche breakdown mechanism by temperature-dependent /-V measurements similar to
Hayden et al.*

3.2 Multiplication

To quantify the multiplication factor of the Si nanowires that exhibit an avalanche process near
reverse breakdown, we characterize the photo-response of a single Si nanowire as a function
of reverse bias at low temperature (T = 20 K). We measure with relatively low laser power
(800 nW ~280 W/cm?) and compare this to the measured dark current. The result of this
measurement is shown in Fig. 6(a). At low reverse biases (from 0 V to 10 V), we observe a
plateau for the measured photocurrent. This regime corresponds to no multiplication of carriers
because the electric field across the depletion region is too small to induce impact ionization.
Here, the small electric field separates the introduced charge carriers, which generates the
measured photocurrent. Above 10 V, an increase in the photocurrent is observed until the reverse-
breakdown voltage of the diode is reached and an exponential increase of the photocurrent can
be observed. The increase in observed photocurrent is attributed to a multiplication of carriers
as the absorbed photons converted to electron-hole pairs accelerate across the depletion region
due to the large electric field, thereby initiating the impact ionization process. Close to the
reverse-breakdown voltage, the exponential increase of the measured photocurrent is a direct
result of the avalanche multiplication process.
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Fig. 6 (a) Low-temperature (T = 20 K) photo-response of a Si nanowire avalanche photodiode
with intrinsic region length of 1 um and power, P, of 800 nW (power density = 280 W/cm?).
The dark current is also shown in order to estimate the multiplication factor, M. The excitation
wavelength is 532 nm. (b) Multiplication factor extracted from (a) using Eq. (1). A multiplication
factor of 2300 is measured close to the reverse breakdown voltage of 35 V.

The multiplication factor, M, is defined as M = Nen/Npn, where Ny, is the number of
extracted electron-hole pairs and Npy, is the number of incident photons that are absorbed. At
low reverse biases across the p-i-n diode, there is no multiplication of carriers, as mentioned
previously. This regime corresponds to unity gain (M = 1) in which N¢, = Ny assuming that
100% of the incident photons are absorbed and there is no loss in charge transport of carriers.
In order to account for both photon absorption and charge transport loss, we relate M to the
measured photocurrent before and after multiplication of carriers [see Eq. 1]. At low reverse
biases, the measured photocurrent with unity gain, /o, is proportional to Npy. Here, the photons
that are absorbed do not have sufficient energy to induce impact ionization and the resulting
electron-hole pairs are swept away by the depletion region and contribute to the measured
photocurrent, Iy (i.e, Nen = Npn and M = 1). In contrast, at large reverse biases, the absorbed
photons converted to electron-hole pairs produce enough energy to induce impact ionization
and initiate the avalanche process. In this case, the measured photocurrent, /,, is proportional
to M Ny (i.e., Nen > Nppand M > 1). Accounting for the dark current and assuming the photon
absorption rate of the intrinsic region in the nanowire is constant as a function of reverse bias,
the multiplication factor can be approximated by

M= Iph - Idark ’ (1)

Iy — Lgark(0)
where gari 0 is the average measured dark current in the voltage range where M = 1, and Tga
is the measured dark current as a function of reverse bias.

The multiplication factor has been extracted from the data of Fig. 6(a) using Eq. (1) and
plotted in Fig. 6(b) as a function of reverse bias. As mentioned previously, no multiplication
is observed at low reverse biases (from 0 to 10 V). Quite remarkably, close to the breakdown
voltage under large reverse bias (~35 V), we obtain a multiplication factor of 2300 from
only a single Si nanowire. This multiplication factor that we measure is considered to be very
high compared to previously reported M factors from a single Si nanowire of 30."* To reach
the single photon detection regime, the challenge remains to operate the device beyond the
reverse-breakdown voltage in order to achieve multiplication factors large enough to produce
an electrical signal that is detectable from a single incident photon.

3.3 Position-dependent photocurrent

To confirm the electron-hole multiplication that we observe originates from the intrinsic
region of the nanowire and not from Schottky contacts, we perform position-dependent
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Fig. 7 (a) Reflection image and (b) photocurrent image, which are both simultaneously acquired

as a function of laser position at low temperature (T = 20 K). (c) The reflection and photocurrent

images from (a) and (b) are superimposed on the same image. We conclude from this image

that the photocurrent, and thus multiplication, originate from within the depletion region (intrinsic

section) of the Si nanowire.

0 2 6

photocurrent measurements under large reverse bias while simultaneously recording the re-
flection image of the sample by a commercially available photodiode. The reflection image is
shown in Fig. 7(a), and the photocurrent image is shown in Fig. 7(b) for a reverse-bias voltage
of =32 V and excitation power of 750 nW (excitation wavelength is 532 nm). By superimpos-
ing the two images, we can conclude that the measured photocurrent, and thus electron-hole
multiplication, originates from within the depletion region (intrinsic section) of the Si nanowire.

4 Conclusion

We have presented an overview of single-nanowire devices for use in light emission and
detection applications toward the single photon level. We studied the optical properties of
single quantum dots embedded in an InP nanowire comprised of p-n and p-i-n structures. We
demonstrated that under forward bias of the QLED, light is emitted from the quantum dot. A
broad emission peak was observed at higher energies than the quantum dot emission, which
significantly reduces the quantum efficiency of the QLED. The dot properties were shown to
improve when surrounding the dot material by a small 200 nm intrinsic region of InP. Further
improvements to the out-coupling efficiency and dot quality is required in order to reach the
single photon regime.

We also presented Si-nanowire avalanche photodiodes comprised of p-doped, intrinsic,
and n-doped sections. Under large reverse bias close to the breakdown voltage, we observed
multiplication factors in excess of 1000. This multiplication factor is two orders of magnitude
larger than previously reported Si nanowires.'® Position-dependent photocurrent measurements
were performed that confirm the measured electron-hole multiplication originates from within
the depletion region (intrinsic section). The multiplication factors that we demonstrate are
very promising to reach the single photon regime in future experiments from only a single Si
nanowire.

Journal of Nanophotonics 053502-10 Vol. 5, 2011

Downloaded from SPIE Digital Library on 18 Apr 2011 to 131.180.83.203. Terms of Use: http://spiedl.org/terms



Reimer et al.: Single photon emission and detection at the nanoscale utilizing semiconductor nanowires

Acknowledgments

We acknowledge E. D. Minot for the AFM image of the single contacted nanowire and R. N.
Schouten for technical assistance. This work was supported by the Dutch ministry of economic
affairs (NanoNed DOE7013), the Dutch Organization for Fundamental Research on Matter
(FOM), the European FP6 NODE (015783) project, the DARPA QUEST Grant No. HR0011-
09-1-0007, and The Netherlands Organization for Scientific Research. The work of REA was
carried out under Project No. MC3.0524 in the framework of the strategic research program of
the Materials Innovation Institute (M2I), www.m2i.nl.

References

1. M. H. M. van Weert, N. Akopian, U. Perinetti, M. P. van Kouwen, R. E. Algra, M. A.
Verheijen, E. P. A. M. Bakkers, L. P. Kouwenhoven, and V. Zwiller, “Selective excitation
and detection of spin states in a single nanowire quantum dot,” Nano Lett. 9, 1989—1993
(2009).

2. M. P. van Kouwen, M. E. Reimer, A. W. Hidma, M. H. M. van Weert, R. E. Algra, E. P.
A. M. Bakkers, L. P. Kouwenhoven, and V. Zwiller, “Single electron charging in optically
active nanowire quantum dots,” Nano Lett. 10, 1817-1822 (2010).

3. X. Duan, Y. Huang, Y. Cui, J. Wang, and C. M. Lieber, “Indium phosphide nanowires as
building blocks for nanoscale electronic and optoelectronic devices,” Nature (London) 409,
66—69 (2001).

4. B.Tian, X. Zheng, T.J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang, and C. M. Lieber, “Coaxial
silicon nanowires as solar cells and nanoelectronic power sources,” Nature (London) 449,
885-890 (2007).

5. Y. Cui, Q. Wei, H. Park, and C. M. Lieber, “Nanowire nanosenosrs for highly sensitive and
selective detection of biological and chemical species,” Science 293, 1289-1292 (2001).

6. C.Li,D.Zhang, X. Liu, S. Han, T. Tang, J. Han, and C. Zhou, “In, O3 nanowires as chemical
sensors,” Appl. Phys. Lett. 84, 3654-3656 (2004).

7. A. Pierret, M. Hocevar, S. L. Diedenhofen, R. E. Algra, E. Vlieg, E. C. Timmering, M. A.
Verschuuren, G. W. Immink, M. A. Verheijen, and E. P. Bakkers, “Generic nano-imprint
process for fabrication of nanowire arrays,” Nanotechnology 21, 065305 (2010).

8. M. H. M. van Weert, A. Helman, W. van den Einden, R. E. Algra, M. A. Verheijen, M. T.
Borgstrom, G. Immink, J. J. Kelly, L. P. Kouwenhoven, and E. P. A. M. Bakkers, “Zinc
incorporation via the vapor-liquid-solid mechanism into InP nanowires,” J. Am. Chem. Soc.
131, 4578-4579 (2009).

9. M. H. M. van Weert, M. den Heijer, M. P. van Kouwen, R. E. Algra, E. P. A. M. Bakkers,
L. P. Kouwenhoven, and V. Zwiller, “Surround-gated vertical nanowire quantum dots,”
Appl. Phys. Lett. 96, 233112 (2010).

10. E. P. A. M. Bakkers, J. A. van Dam, S. De Franceschi, L. P. Kouwenhoven, M. Kaiser,
M. Verheijen, H. Wondergem, and P. van der Sluis, “Epitaxial growth of InP nanowires on
germanium,” Nat. Mater. 3, 661-666 (2004).

11. R. E. Algra, M. A. Verheijen, M. T. Borgstrom, L. Feiner, G. Immink, W. J. P. van
Enckevort, E. Vlieg, and E. P. A. M. Bakkers, “Twinning superlattices in indium phosphide
nanowires,” Nature (London) 456, 369-372 (2008).

12. E. D. Minot, F. Kelkensberg, M. van Kouwen, J. A. van Dam, L. P. Kouwenhoven,
V. Zwiller, M. T. Borgstrom, O. Wunnicke, M. A. Verheijen, and E. P. A. M. Bakkers,
“Single quantum-dot nanowire LEDs,” Nano Lett. 7, 367-371 (2007).

13. C. Yang, C. J. Barrelet, F. Capasso, and C. M. Lieber, “Single p-type/intrinsic/n-type
silicon,” Nano Lett. 6,2929-2934 (2006).

14. M. P. van Kouwen, M. H. M. van Weert, M. E. Reimer, N. Akopian, U. Perinetti, R. E.
Algra, E. P. A. M. Bakkers, L. P. Kouwenhoven, and V. Zwiller, “Single quantum-dot
nanowire photodetectors,” Appl. Phys. Lett. 97, 113108 (2010).

Journal of Nanophotonics 053502-11 Vol. 5, 2011

Downloaded from SPIE Digital Library on 18 Apr 2011 to 131.180.83.203. Terms of Use: http://spiedl.org/terms


http://dx.doi.org/10.1021/nl900250g
http://dx.doi.org/10.1021/nl100520r
http://dx.doi.org/10.1038/35051047
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1126/science.1062711
http://dx.doi.org/10.1063/1.1738932
http://dx.doi.org/10.1088/0957-4484/21/6/065305
http://dx.doi.org/10.1021/ja809871j
http://dx.doi.org/10.1063/1.3452346
http://dx.doi.org/10.1038/nmat1235
http://dx.doi.org/10.1038/nature07570
http://dx.doi.org/10.1021/nl062483w
http://dx.doi.org/10.1021/nl062314b
http://dx.doi.org/10.1063/1.3484962

Reimer et al.: Single photon emission and detection at the nanoscale utilizing semiconductor nanowires

15

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

. R. W. Heeres, S. N. Dorenbos, B. Koene, G. S. Solomon, L. P. Kouwenhoven, and
V. Zwiller, “On-chip single plasmon detection,” Nano Lett. 10, 661-664 (2010).

A. Shields, “Semiconductor quantum light sources,” Nat. Photonics 1, 215-223 (2007).

J. Claudon, J. Bleuse, N. S. Malik, M. Bazin, P. Jaffrennou, N. Gregersen, C. Sauvan,
P. Lalanne, and J. M. Gerard, “A highly efficient single-photon source based on a quantum-
dot in a photonic nanowire,” Nat. Photonics 4, 174—177 (2010).

C. L. Salter, R. M. Stevenson, I. Farrer, C. A. Nicoll, D. A. Ritchie, and A. J. Shields, “An
entangled-light-emitting diode,” Nature (London) 465, 594-597 (2010).

L. J. Brillson, C. F. Brucker, A. D. Katnani, N. G. Stoffel, and G. Margaritondo, “Atomic and
electronic structure of InP-metal interfaces: a prototypical III-V compound semiconductor,”
J. Vac. Sci. Technol. 19(3), 661-666 (1981).

S. Hackenbuchner, M. Sabathila, J. A. Majewskia, G. Zandlera, P. Vogl, E. Beham,
A. Zrenner, and P. Lugli, “Nonequilibrium band structure of nano-devices,” Physica B 314,
145-149 (2002).

J. J. Finley, A. D. Ashmore, A. Lemaitre, D. J. Mowbray, M. S. Skolnick, I. E. Itskevich,
P. A. Maksym, M. Hopkinson, and T. F. Krauss, “Charged and neutral exciton complexes
in individual self-assembled In(Ga)As quantum dots,” Phys. Rev. B 63(7), 073307 (2001).
M. E. Reimer, D. Dalacu, P. J. Poole, and R. L. Williams, “Biexciton binding energy control
in site-selected quantum dots,” J. Phys.: Conf. Ser. 210, 012019 (2010).

M. H. M. van Weert, N. Akopian, F. Kelkensberg, U. Perinetti, M. P. van Kouwen,
J. G. Rivas, M. T. Borgstrom, R. E. Algra, M. A. Verheijen, E. P. A. M. Bakkers, L. P.
Kouwenhoven, and V. Zwiller, “Orientation-dependent optical-polarization properties of
single quantum dots in nanowires,” Small 5(19), 2134-2138 (2009).

O. Hayden, R. Agarwal, and C. M. Lieber, “Nanoscale avalanche photodiodes for highly
sensitive and spatially resolved photon detection,” Nat. Mater. 5, 352-356 (2006).

H. Schmid, M. Bjork, J. Knoch, H. Riel, and W. Riess, “Patterned epitaxial vapour-liquid-
solid growth of silicon nanowires on Si (111) using silane,” J. Appl Phys. 103, 024304
(2008).

Biographies and photographs of the authors not available.

Journal of Nanophotonics 053502-12 Vol. 5, 2011

Downloaded from SPIE Digital Library on 18 Apr 2011 to 131.180.83.203. Terms of Use: http://spiedl.org/terms


http://dx.doi.org/10.1021/nl903761t
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1038/nphoton.2009.287
http://dx.doi.org/10.1038/nature09078
http://dx.doi.org/10.1116/1.571081
http://dx.doi.org/10.1016/S0921-4526(01)01345-X
http://dx.doi.org/10.1103/PhysRevB.63.073307
http://dx.doi.org/10.1088/1742-6596/210/1/012019
http://dx.doi.org/10.1002/smll.200900423
http://dx.doi.org/10.1038/nmat1635
http://dx.doi.org/10.1063/1.2832760

	Single photon emission and detection at the nanoscale utilizing semiconductor nanowires
	Abstract.
	Introduction
	Quantum Light-Emitting Diode
	Optical Properties of Single Quantum Dot
	Single Quantum Dot in a p-n Junction
	Single quantum dot in a p-i-n junction

	Si nanowire avalanche photodiode
	Device
	Multiplication
	Position-dependent photocurrent

	Conclusion


