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Here we report on the experimental results and advanced self-consistent real device simulations revealing

a fundamental insight into the non-linear optical response of n+–i–n+ InP nanowire array photo-

conductors to selective 980 nm excitation of 20 axially embedded InAsP quantum discs in each nanowire.

The optical characteristics are interpreted in terms of a photogating mechanism that results from an

electrostatic feedback from trapped charge on the electronic band structure of the nanowires, similar to

the gate action in a field-effect transistor. From detailed analyses of the complex charge carrier dynamics

in dark and under illumination was concluded that electrons are trapped in two acceptor states, located at

140 and 190 meV below the conduction band edge, at the interface between the nanowires and a radial

insulating SiOx cap layer. The non-linear optical response was investigated at length by photocurrent

measurements recorded over a wide power range. From these measurements were extracted responsiv-

ities of 250 A W−1 (gain 320)@20 nW and 0.20 A W−1 (gain 0.2)@20 mW with a detector bias of 3.5 V, in

excellent agreement with the proposed two-trap model. Finally, a small signal optical AC analysis was

made both experimentally and theoretically to investigate the influence of the interface traps on the

detector bandwidth. While the traps limit the cut-off frequency to around 10 kHz, the maximum operat-

ing frequency of the detectors stretches into the MHz region.

Introduction

The progress in III–V nanowire (NW) growth and device fabri-
cation over the last two decades has clearly demonstrated
promising routes to novel devices and applications in photo-
nics. The bottom-up synthesis of NWs with small diameter
offers a large flexibility in tailoring the optical properties by
combining different III–V materials irrespective of lattice mis-
match, a high absorption with small material volume due to
nanophotonic resonances, and a reduced dark current. The
small NW footprint also potentially facilitates defect-free
monolithic integration with silicon substrates due to strain
relaxation1 of greatest interest for next-generation opto-
electronic devices. There have been many recent reports on

promising NW-based nanophotonic devices including, photo-
voltaic devices,2,3 LEDs,4,5 lasers,6,7 waveguides,8,9 switches,10

modulators11 and photodetectors.12,13

High-performance infrared photodetectors operating in the
near-infrared (NIR) and short-wave infrared (SWIR) are key
elements for optical communication and various imaging appli-
cations including night vision14 and surveillance, environ-
mental monitoring,15 reflectography16 and optical coherence
tomography.17 State-of-the-art commercial planar NIR/SWIR
detector technologies typically comprise a p–i–n or an avalanche
(APD) design implemented in one of the three material
systems:18 InxGa1−xAs, HgxCd1−xTe (MCT) and SixGe1−x, each
system exhibiting different advantages and disadvantages. The
recent development in NW growth and processing techniques
has led to novel infrared photodetector designs. Due to chal-
lenges related to the growth of large-area NW arrays with a high
yield and required complex detector processing, most of the
studies so far have focused on single NW photodetectors.19,20

Our group has recently reported on promising disruptive broad-
band InP NW array photoconductors with multiple embedded
axial InAsP quantum discs (QDiscs) for NIR/SWIR21 and long-
wavelength infrared (LWIR)22 detection.†These authors contributed equally to this work.
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A high responsivity, and related gain, in photoconductors are
often attributed to a large ratio between the minority carrier life-
time and carrier transit time through the detector element. This
standard text book model is, however, based on the assumption
that the photogenerated excess carrier distribution is spatially
uniform along the device and suggests that a high gain can
simply be achieved by decreasing the device length, which is in
contradiction to most experimental reports.23–25 While this
theory is still widely used to explain the high gain observed in
photoconductors,26–28 it neglects the fact that the carrier distri-
bution in the device is strongly non-uniform under normal oper-
ating conditions. Moreover, most reported articles completely
disregard the very important feedback mechanism of trapped
charge carriers on the electrostatic potential distribution in the
photodetector. Photogating in various low-dimensional systems
was discussed in a review article by Fang et al.29 In a recent
paper,30 we have proposed that electron traps present at InP
NW/SiOx interfaces can indeed cause a radial photogating effect
that strongly enhances the optical response of photoconductors.

In this paper we discuss the non-linear responsivity, gain,
and bandwidth characteristics of large mm2 InP NW array
photoconductors under selective optical excitation (980 nm) of
20 axially embedded InAsP QDiscs in each NW. A novel model,
developed from a combined study of experimental data and
advanced simulations, unravels the complex charge carrier
dynamics involving trapping, optical excitation, and recombi-
nation processes in QDiscs and interface traps underlying the
excellent optical performance of the detectors under optical
excitation below the bandgap of InP.

Experimental details
Growth and processing

The InP/InAsP NW heterostructure growth and subsequent detec-
tor processing steps have been previously described in detail.21 In
brief, an n+-InP (111) B substrate was patterned with 20 nm thick
Au seed nanoparticles with a diameter of 180 nm and 500 nm
pitch using nanoimprint lithography. The growth of 130 nm thick
n+–i–n+ NWs with a length of 2 μm was performed in a low-
pressure (100 mbar) Aixtron 200/4 MOVPE system at 440 °C using
precursors of trimethylindium (TMIn), phosphine (PH3) and tetra-
ethyltin (TESn) (as doping precursor). During the growth of the
nominal i-InP segment, diethylzinc (DEZn) was introduced in the
reactor to compensate for any residual n-doping. The 20 InAsP
QDiscs were grown periodically and separated by InP in the
i-segment by switching off the TMIn flow and replacing the PH3

with arsine (AsH3) for 1 s and then switching back again repeat-
edly. The supply of In, in this case, came from the liquid Au–In
seed particles (depletion mode growth). The grown InAsxP(1−x)
QDiscs had thicknesses of 8 ± 1 nm and x = 40% ± 10%, as
observed in transmission electron microscopy (TEM) and energy
dispersive X-ray spectroscopy (EDS), respectively (Fig. 1(a)). An
SEM image of a typical as-grown NW array is shown in Fig. 1(b).

The first step in the processing of the NW array detector
was the deposition of a 50 nm SiOx layer, followed by a 5 nm

Al2O3 layer using atomic layer deposition (ALD) to prevent any
short circuit during the subsequent processing steps. After
burying all the NWs under photoresist (S1813), reactive ion
etching (RIE) was used to expose 200–250 nm of the tip of the
NWs. Once the SiOx and the gold catalyst particles at the tip of
the NWs were removed by BOE and KI/I2 solutions, respect-
ively, the resist was hard baked, and 800 × 800 μm2 device
areas comprising around three million NWs were defined
using soft UV lithography. Any potential native oxide was
etched with H2SO4 : H2O (1 : 10) solution before sputtering of
indium tin oxide (ITO) for the fabrication of a 50 nm thick
transparent top contact with uniform side-wall coverage
(Fig. 1(c)). For the fabrication of bond pads, a layer of 20 nm Ti
and then a layer of 400 nm Au were evaporated on the desig-
nated position of each detector element. Fig. 1(d) shows a fully
processed device. The room temperature I–V measurements
were recorded with a probe station after mounting the sample
on a copper coin using the InP substrate as back contact
(Fig. 1(e)). Finally, the sample was mounted on a standard DIL
chip carrier and bonded for in-depth optoelectronic character-
ization (Fig. 1(f )). A schematic of the final processed NW
photoconductor is shown in Fig. 1(g).

Optoelectronic characterization

Fig. 2 displays an overview of the dark current and photo-
current (PC) of a processed NW array detector obtained in dark
and under illumination with a broadband quartz lamp with an
integrated intensity of about 4.5 mW cm−2 in the spectral
range of 350–1800 nm. The low dark current shown in Fig. 2(a)
indicates a successful compensation of unintentional donors
in the nominal i-segment of the NWs, comprising the QDiscs,
by adding compensatory Zn acceptors during growth. Another
important reason for the suppressed dark current is that traps
at the NW/SiOx interface are charged with electrons in dark.
The electrostatic repulsion from this trapped negative interface
charge depletes the NWs radially, which increases the electron
(majority carrier) barrier between the n+- and i-segments in the
NWs. In order to investigate the fundamental mechanism
behind the state-of-the-art optical response of the present NW
array photoconductors, in-depth simulations of the carrier
transport in a 2-dimensional geometry have been pursued
using the commercial device simulator Synopsys Sentaurus
which solves the continuity equations for electrons and holes,
including drift-diffusion currents, together with the Poisson
equation. The details of the simulation scheme were described
in our previous paper.30 Fig. 2(a) shows an excellent agreement
between experimental data and simulations in dark and under
illumination. From this fitting to the experimental data can be
concluded that there are two dominant NW/SiOx interface
traps that govern the photogating mechanism in the detectors.
Fig. 2(a) also shows the large effect of the traps on the I–V
characteristics. The orange trace shows the simulated total
current (dark current plus PC) in the absence of traps at the
given power density. Interestingly, by comparing to a simu-
lation in dark (not shown), it is evident that the PC is negli-
gible compared to the dark current. A more comprehensive
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discussion on these traps is given below. Fig. 2(b) shows the
spectrally resolved responsivity, converted from corresponding
PC data recorded with a Fourier transform spectrometer
(Bruker Vertex 80V). The peak at around 1μm reflects an inter-
band transition in the QDiscs to a bound state close to the
band edge of InP, which leads to a significant PC (and respon-
sivity) increase due to an efficient thermal excitation of the
electrons from this bound excited state to the conduction
band of the InP NW.

In this work we have focused our attention on the wave-
length region where only the QDiscs are optically active. More
specifically, we have chosen λ = 980 nm which is of high rele-
vance for many recently highlighted applications e.g. light-
detection and ranging (LIDAR) used by autonomous vehicles

to navigate environments in real-time. Fig. 3(a) shows the
dependence of the PC on the optical power@980 nm at four
different biases, while Fig. 3(b) displays the corresponding cal-
culated responsivity and gain (assuming 100% internal
quantum efficiency). Interestingly, the trap-assisted photogat-
ing mechanism introduces a highly non-linear optical
response. As shown in Fig. 3(b), the responsivity amounts to
250 AW−1 (gain of about 320)@20 nW at a bias of 3.5 V, which
reduces to 0.2 AW−1 (gain of about 0.2)@20 mW.

The observed high responsivity (gain) operation can be
attributed to a photogating mechanism induced by two accep-
tor states located at the NW/SiOx interface in the i-segment
comprising the QDiscs. The acceptors, being charged in dark
and discharged by the 980 nm laser excitation, provide a radial

Fig. 1 Fabrication and characterization steps for a NW array photodetector. (a) EDX line scans overlaid on a TEM image of a NW showing part of the
axially embedded InAsP QDiscs. (b) SEM image of an as-grown InP/InAsP NW array. (c) SEM image of the NW array after sputtering of 50 nm ITO on
top of the NWs as a transparent front contact. (d) Optical microscope image of fully processed detector element comprising three million NWs in
parallel. (e) Sample with 108 fully processed detector elements of various sizes mounted on a copper coin for room-temperature I–V measurements.
(f ) Sample mounted on a DIL chip carrier and bonded for further optoelectronic characterization. (g) Schematic of the finalized NW array detector.
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electrostatic gating effect similar to that of the gate electrode
of a field-effect transistor. Comprehensive simulations reveal
both the fundamental gating mechanism in the QDiscs and,
with a proper choice of trap parameters, a quantitative match
to the experimental data. Fig. 4(a) shows the calculated radial
carrier density in one of the QDiscs embedded in a single NW.
In the dark state, the electron density is strongly reduced and
drops towards the surface due to the repulsive force from the
trapped interface electrons. This, in turn, leads to an increased
blocking barrier between the n+- and i-segments in the NWs
for the electrons (Fig. 4(b)), and thus to a further reduction of
the already low dark current due to Zn compensation doping
in the i-segment. Selective irradiation with 980 nm generates
electron–hole pairs in the QDiscs, where the holes are attracted
to the negatively charged acceptor traps at the NW/SiOx inter-
face and recombine. This neutralization of the acceptors
lowers the abovementioned blocking barrier, which leads to a
strongly enhanced electron current injection and electron
density in the i-segment by two orders of magnitude. The
bottom color plot in Fig. 4b shows the change in radial gating
voltage along the i-segment after illumination with 980 nm.
The maximum voltage change ΔVg amounts to about 0.34 V, as
extracted from the simulation, at the bias and illumination
levels given in the figure caption.

An elaborate study of the power-dependence of the detector
signal was made in order to investigate the electronic pro-
perties of the interface traps more in detail. Fig. 5 shows the
total detector current (dark current plus PC) versus optical
power for the selected bias of V = 1.5 V. In general, the PC
versus optical power relation can be expressed as IPC ∼ Pα,
where α < 1 signals the presence of a photogating effect in con-
trast to the case of α = 1 for a standard photoconductor.29 In
Fig. 5, regions with different slopes can be observed for the
experimental data (red dots). At power levels of around 10−6 W,
α = 0.7 can be extracted, while α = 0.45 at 10−3 W. From this
can be concluded that at least two different acceptor traps con-
tribute to the photogating mechanism. In order to obtain the
best match to the experimental data, an advanced model with
two dominant acceptor trap levels was used. A surface trap
density of 4 × 1011 cm−2 and a capture cross-section of σ = 1.5
× 10−19 cm2 were chosen identical for both trap levels. The
colored lines in Fig. 5 show simulations for three cases:
without traps, traps at 140 meV and traps at 190 meV below
the conduction band edge, respectively. Without traps no
gating effect is present, and the detector current is dominated
by a high dark current, being constant for rising laser power.
Only at the highest laser powers does the excess carrier density
lead to a significant PC. Adding interface acceptor traps

Fig. 2 (a) I–V characteristics with and without illumination from a broadband quartz lamp. Left axis shows the detector current (in dark: black,
under illumination: pink), while the right axis shows the PC (blue), i.e. the detector current under illumination subtracted by the dark current. The
dashed lines are experimental data,30 while the solid lines are simulations based on the novel two-trap model developed in this work. The solid
orange line shows the simulated detector current (PC negligible) in a device without trap states. (b) Spectrally resolved responsivity for the detector
in (a) taken at a bias of 1.5 V. The arrow indicates the chosen wavelength λ = 980 nm for the laser excitation experiment in this work.

Fig. 3 (a) Measured (dots) and calculated (solid lines) PC for 980 nm laser excitation versus optical power and bias. The experimental data30 were
collected at 50 Hz using a standard lock-in technique. (b) Extracted responsivity from data in (a) (left axis) and corresponding gain (red squares, right
axis) at a bias of 3.5 V. The solid lines are calculated responsivities using the novel two-trap model developed in this work (see below).
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reduces the dark current due to radial depletion, as discussed
above. According to standard Shockley–Read–Hall theory, the
recombination efficiency depends on the trap energy, with
deeper traps (i.e., closer to mid-bandgap) having the highest
recombination rate. Therefore, the traps at 190 meV below the
conduction band edge dominate the gating effect at low laser
power levels (i.e., low hole densities), while the traps at
140 meV induce a gating signature from about 10−5 W. Both
trap levels create a distinct slope in the current versus laser
power dependence. Adding the gating contributions from both
traps leads to a remarkably good agreement between the
experimental data and simulations over six orders of magni-

tude in optical power. It should be pointed out that this extrac-
tion of two distinct trap energies is only possible due to the
exceptionally high responsivity of the devices. The trap para-
meters extracted from this comparison have been used for all
the simulations in this paper. Here we also mention that at
present we do not know the physical origin of the discovered
interface traps. There are earlier publications showing evi-
dence of defect-dependent electronic behavior in as-grown
single InP/InAsP nanowires due to e.g. polytypes and stacking
faults,31,32 but we have not found any defects reported in litera-
ture that could be attributed to the present interface traps.
More detailed investigations of single InP/InAsP NWs, coated
with SiOx, using various electro-optical techniques and scan-
ning probe techniques need to be pursued in order to unravel
the true origin of the interface traps.

Finally, we have also investigated the frequency response of
the NW detector by modulating the output from the 980 nm
laser with a sinusoidal input signal applied to the laser driver
unit. Fig. 6(a) shows the recorded AC PC trace using AC laser
excitation with an amplitude of 0.4 mW oscillating at 100 kHz
around a DC power level of 2.5 mW. Fig. 6(b) shows the nor-
malized PC amplitude versus modulation frequency f, e.g., PC
( f )/PC( f0), with f0 = 10 Hz, plotted together with the simulated
small-signal response with and without the interface traps. No
parasitic device effects were included in the simulations.
Hence, the cut-off frequency for the case with traps is deter-
mined by the lifetime of the trapped carriers, which amounts
to about 20 μs (cut-off at 50 kHz). Without traps, the intrinsic
cut-off frequency amounts to 100 MHz. From the experimental
data, a cut-off frequency of around 10 kHz is extracted, in good
agreement with the simulations. The PC signal decreases
roughly linearly with log( f ) up to about 100 kHz. The PC
response at higher frequencies is strongly affected by the cut-
off frequency of about 175 kHz of the current amplifier

Fig. 5 Total detector current (PC plus dark current) versus optical
power at 980 nm excitation and 1.5 V bias. Red dots show measured
data. The solid colored lines show the simulated total current without
traps (black), when introducing a trap level Et at 140 meV (green) or
190 meV (blue) below the conduction band and, when including both
traps (red).

Fig. 4 (a) Radial carrier density in the second QDisc from the left in (b) in dark and under irradiation (980 nm, 4.4 mW cm−2). (b) Calculated band
diagram along the center of a NW with 20 QDiscs at a bias of 1.5 V in dark and under illumination. The color plot below shows the corresponding
radial variation in gating potential along the i-segment (QDisc region) of a NW. The center of the NW is at 0, while the thick brown horizontal line
marks the SiOx cap layer.
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(Keithley 428) in addition to modulation limitations of the
laser driver unit (Thorlabs LDC 205C). From this plot can be
estimated that the maximum operating frequency of the detec-
tor at least stretches into the MHz region.

Conclusion

We report on a comprehensive, in-depth experimental and
theoretical investigation of the non-linear optical response
observed in mm2 n+–i–n+ InP nanowire array photoconductors,
comprising 20 InAsP QDiscs axially embedded in each of the
three million NWs of a device. The optical excitation was done
by a 980 nm laser, which selectively excites only the QDiscs. A
photogating mechanism in the QDiscs is unraveled that
involves two acceptor traps, located at 140 and 190 meV below
the conduction band edge and situated at the interface
between NWs/QDiscs and a radial insulating SiOx cap layer.
The optical response was investigated at length by photo-
current measurements recorded over a wide power range.
From these measurements were extracted responsivities of 250
A W−1 (gain 320)@20 nW and 0.20 A W−1 (gain 0.2)@20 mW
with a detector bias of 3.5 V. Finally, a small signal optical AC
analysis was made both experimentally and theoretically to
investigate the influence of the interface traps on the detector
bandwidth. While the traps limit the cut-off frequency to
around 10 kHz, the maximum operating frequency of the
detectors stretches into the MHz region.
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