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ABSTRACT: Submicron sized sensors could allow higher
resolution in X-ray imaging and diffraction measurements,
which are ubiquitous for materials science and medicine. We
present electrical measurements of a single 100 nm diameter
InP nanowire transistor exposed to hard X-rays. The X-ray
induced conductance is over 5 orders of magnitude larger than
expected from reported data for X-ray absorption and carrier
lifetimes. Time-resolved measurements show very long
characteristic lifetimes on the order of seconds, tentatively
attributed to long-lived traps, which give a strong amplification effect. As a proof of concept, we use the nanowire to directly
image an X-ray nanofocus with submicron resolution.
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While hard X-rays can now be focused to sizes around and
below 10 nm,1−4 their direct detection by semi-

conductor sensors is still based on pixel sizes of tens of
micrometers with several hundred micrometer thickness.5

Direct-detection semiconductor sensors rely on the conversion
of X-ray photon energy into an electric signal. First, a hard X-
ray photon is absorbed by an electron through photoelectric
absorption. The primary high-energy electron releases its
energy to the surrounding lattice, creating an avalanche of
secondary electron−hole pairs that can be detected electroni-
cally.6,7 However, these nonequilibrium charge carriers quickly
recombine, with a characteristic lifetime of about 1−100 ns in
direct bandgap semiconductors such as InP.8,9 The detectable
number of electron−hole pairs depends on the competition
between generation and recombination.
The primary X-ray absorption scales with the volume, which

intuitively leads to a low number of carriers for small pixels.
However, for very small semiconductors, i.e., nanostructures,
the lifetime of the secondary electron−hole pairs can be
substantially different from bulk since the recombination can be
affected by surface states and quantum confinement.10 One
type of nanostructure is semiconductor nanowires, which have
shown promising performance in fields as diverse as battery
anodes,11 transistors,12 solar cells,13 phase-change materials,14

and quantum physics,15 as well as detection of light in the
infrared to ultraviolet range.16−18 Because of their long
penetration depth, hard X-rays are uniquely suitable for in
situ studies of battery anodes19 and hydrated cells,20 and have
also been used to characterize nanowires using X-ray
diffraction21−23 and X-ray fluorescence.24

Here, we present in operando electrical characterization of an
InP nanowire field effect transistor exposed to hard X-rays
(Figure 1). The measurements show that the X-ray induced
conductance exceeds that expected from reported data by more
than 5 orders of magnitude and that X-rays can be detected
although the active volume is about 107 to 109 times smaller
than the pixels of available semiconductor detectors. The effect
is explained by time-resolved electrical measurements, which
reveal characteristic lifetimes on the scale of seconds. To
demonstrate the potential of nanowires as X-ray detectors, we
use the nanowire to image the intensity distribution of a high
flux synchrotron nanofocus.
The electrical response of InP nanowire field effect

transistors25,26 exposed to nanofocused hard X-rays (energy
13.8 keV, flux up to 2 × 109 ph/s) were investigated in ambient
air (Figure 1a,b). Nanowires were synthesized and individually
contacted as previously described.25 In brief, the nanowires
were doped with hydrogen sulfide (H2S) during growth to have
highly n-doped end segments (H2S molar fraction χ = 7.1 ×
10−6, carrier concentration n = 9 × 1018 cm−3), and a low-
doped, highly resistive middle segment (χ = 3.3 × 10−8, n = 1 ×
1015 cm−3). After growth, nanowires were transferred to a
silicon wafer with a 100 nm thick insulating SiO2 film and
individually contacted using electron beam lithography. The
distance between the two metal contacts was 3.2 μm. The
highly doped end segments have high dark conductivity, and
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the length of the active region was therefore the 1.4 μm low-
doped middle segment.
We set a bias voltage, in the range 0.01 to 0.25 V, on one end

of the nanowire, grounded the substrate and the other end, and
measured the current with a picoammeter. The GINIX
(Göttingen Instrument for Nano-Imaging with X-rays) end
station at the P10 beamline at the PETRA III synchrotron,
DESY, Hamburg, Germany, was used as X-ray source. The X-
ray beam was perpendicular to the substrate. All the results in
this letter come from the same device, but we have observed
similar X-ray induced conductance in other devices.
When the device was exposed to X-rays, the electrical

conductance increased from below 10−9 Ω−1 to about 10−5 Ω−1

(Figure 1c). X-ray induced conductance has previously been
observed in large samples using a micron-sized beam.7 The
current−voltage dependence was linear both with and without
X-ray excitation (Supporting Information Figure S1). The
substrate gate was grounded in these experiments, but with a
negative gate bias the dark conductance could be reduced to
10−12 Ω−1 for improved dynamic range.25 We found that the
conductance increased strongly with the X-ray flux Φ and was
constant above Φ = 6.2 × 107 ph/s (Figure 1d).
Rough calculations show that the measured X-ray induced

conductance significantly exceeds that expected from bulk
parameters. The conductance is given by

μ
=G

q
l

N2 (1)

where N is the number of free electrons in the active region of
the nanowire, l is the length of the active region, which was
estimated from the nanowire segment growth times, and q the
elementary charge, assuming that only electrons contribute with
a mobility, μ, of 200 cm2/(V s)25 (Supporting Information
section 2). The conductance of G = 1.06 × 10−5 Ω−1 at Φ = 1.1
× 107 ph/s corresponds to N = 6500 carriers. At the same time,
the primary generation rate of electron−hole pairs is γ =

pabsηΦ, where η = 3290 is the number of created electron−hole
pairs per X-ray photon.27 The absorption probability, pabs,
depends on the absorption length, 47 μm for InP at this photon
energy, and the alignment of beam and nanowire and is
estimated at pabs = 6.2 × 10−4 (Supporting Information section
3). Thus, the carrier generation rate at this flux can be
estimated at γ ≈ 2.2 × 107 s−1. If the recombination lifetime
would be similar to that reported from optical measurements
on InP nanowires, τBG ≈ 1 ns,8 the number of X-ray induced
carriers at steady state would be N = γτBG ≈ 0.02, over 5 orders
of magnitude lower than needed for the observed conductance.
To investigate whether the dynamics in the nanowire was

different from bulk, we turned the beam on and off while
measuring the conductance (Figure 1c, 2, and S2, Supporting

Information). The measurements revealed very long rise and
decay times on a time scale of seconds. Photoconductivity
experiments using UV light have revealed similarly slow
processes in ZnO nanowires.17 This was attributed to trapping
of holes at the surface, leaving unbalanced conduction band
electrons (photodoping). In addition, it is possible that trapped
charges, which could reside on the surface or in the SiO2 film,
could gate the nanowire channel and increase the conductance
by shifting the Fermi level (photogating).28 The direct
contribution to the nanowire conductance of photoelectrons
induced in the substrate should be negligble since the SiO2 film
has a long X-ray absorption length and a small photoelectron
escape depth (Supporting Information section 5).29 Further-
more, substrate photoelectrons should prevent the high spatial
resolution observed (see below). Preliminary experiments have
also been done using nanowires oriented perpendicular to the

Figure 1. Hard X-ray detection in an InP nanowire transistor: (a)
schematic of the experiment and (b) top-view scanning electron
microscopy image of nanowire device, with bias voltage (V), the
amperemeter (A), and the recording computer. The nanowire is false-
colored pink, the high-resistivity active region in red, and metal
contacts in yellow. (c) Conductance of the nanowire device as a
function of time, for three different X-ray fluxes. The X-ray beam was
turned on at t = 0 s and turned off at t = 4.9 s. (d) Maximum
conductance vs X-ray flux.

Figure 2. Dynamics of X-ray induced conductance. (a) Conductance
vs time, G(t), where the beam was turned on at t = 0 s and turned off
at t = 4.6 s. X-ray flux 3.5 × 108 photons/s. Measured data in blue.
Linear fit of the first 1.5 s in green, fit using eq 2 in red. (b)
Conductance rise rate, dG/dt, evaluated from linear fits such as in
panel a, vs flux, Φ, on a logarithmic scale. The red line shows a linear
fit with slope 7.4 × 10−15 Ω−1. (c) Conductance rise lifetime, τ, from
fits using eq 2 such as in panel a, in blue, vs flux. The red line shows a
fit of τ = k/Φ, with a slope k = 6.0 × 108 Ω−1. (d) Conductance vs
time for decay part of the same measurement as in panel a, but on a
semilogarithmic scale. The red curve shows an exponential decay fit
with a lifetime τ = 0.97 s.
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substrate with a wrap-around oxide (Supporting Information
section 6).30 In these devices the conducting channel is far from
the substrate, but they still show a very strong X-ray induced
conductance and long characteristic lifetimes. This demon-
strates that the basic effect can be observed without influence of
the substrate. In both geometries it is possible that traps in the
oxide give a photodoping or photogating effect. Further
experiments are needed to elucidate the underlying mechanism
of the long characteristic lifetimes, and for simplicity, we only
consider photodoping in the following.
The dynamic measurements can be used to estimate the

characteristic lifetimes. The lack of large steps (Figure 1c)
shows that the slow conductance increase cannot simply be
accounted for by a small primary absorption since a single X-ray
absorption event creates η = 3290 conduction band electron−
hole pairs, corresponding to half of the maximum conductance.
Most generated holes must recombine before being trapped,
and to describe this effect we introduce a trapping probability
ptr. The rate equation for the number of electrons is then dN/dt
= ptrγ − N/τ, where τ is the detrapping lifetime. For the rise
after the beam is switched on, the boundary condition N(0) = 0
together with eq 1 leads to

μ
γτ τ= − −G t

q
l

p t( ) (1 exp( / ))2 tr (2)

For small t, this can be linearized to G(t) ≈ qμ/l2ptrγt, with
the time derivative (conductance rise rate)

μ
γ

μ
η= = ΦG

t
q
l

p
q
l

p p
d
d 2 tr 2 tr abs (3)

which is independent of τ and proportional to Φ.
Indeed, a linear increase in conductance is observed for early

times (Figure 2a). We evaluated dG/dt vs Φ (Figure 2b) and
found a linear relationship with a proportionality constant of

7.4 × 10−15 Ω−1. Using eq 3, we can then estimate ptr ≈ 2.3 ×
10−6. The low probability for hole trapping means that each X-
ray absorption event generates at most one long-lived carrier,
thereby explaining why no large steps are observed in the G(t)
plots. The nanosecond scale bandgap recombination was much
too fast to capture with the present setup, but could be
measurable with high-speed electronics.17

Next, the conductance increases were fitted using eq 2, using
a single lifetime for each flux (Figures 2a,c and S2, Supporting
Information). The lifetime exceeded 1 min for the lowest fluxes,
while it was around 0.3 s for the full flux. We empirically found
that the lifetime was inversely proportional to the flux for high
fluxes (τ ≈ 6.0 × 108/Φ), meaning that the detrapping rate was
proportional to the flux. Shutting the beam off showed
exponential decays in conductance with lifetimes around 1 s
(Figures 2d and S4, Supporting Information). The decay
lifetimes were much shorter than the rise lifetimes at low flux,
indicating different pathways for detrapping with and without
X-ray flux.
The long characteristic lifetimes explain the strong X-ray

induced conductance. For long times, the conductance
saturates at G(∞) ≈ (qμ/l2)ptrpabsηΦτ. Only a fraction, ptr ≈
2.3 × 10−6, of the generated holes is trapped. However, since
the lifetimes are about 109 to 1011 times τBG, the gain is still 103

to 105.
As a proof of concept of our nanowire device as a high-

resolution detector, it was used to directly image the intensity
distribution of a Kirkpatrick−Baez mirror nanofocus installed at
the coherence beamline P10 of the PETRA III storage ring
(Figure 3). Recording the current at a fixed bias of 0.1 V, 2D
raster scans with a dwell time of 0.2 s per point were performed
at several positions along the optical x-axis, resulting in a 3D
characterization of the intensity profile (8 × 8 μm scan areas
with 40 × 40 points). The results were compared a

Figure 3. Direct imaging of an X-ray nanofocus: (a) imaging of a focused X-ray beam using the nanowire device, at different positions along the
optical axis. Each image was normalized to its maximum conductance, and the logarithmic color scales show conductance (10−6 Ω−1). (b)
Reconstructed intensity of the same X-ray beam, using ptychography and Fresnel propagation. Each image was normalized to its maximum intensity.
The color scale was chosen to have the same dynamic range as for the corresponding image in panel a: three orders of magnitude at x = 0, 4, and 8
mm, and 2 orders of magnitude at x = 16 and 24 mm. All scale bars are 1 μm. (c) Line scan of nanowire device through the focused X-ray beam.
Data in blue, Gaussian fit with fwhm = 0.51 μm in red. (d) Line scans with different dwell times per point.
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ptychographic reconstruction of the beam (probe),3,31−35

performed under identical parameters by scanning a different
nanowire with partial overlap and inverting the far-field
diffraction pattern.36

The resolution of the direct nanowire imaging was lower
than the ptychographic reconstruction, but sufficient to show
the overall diamond shape of the beam, and in good general
agreement, see, for example, the three vertical substructures
appear at similar distances as in the reconstruction (x = 24 mm
defocus).
Since the spatial resolution was difficult to assess from 2D

images, horizontal line scans across the beam (Figure 3c,d)
were also performed. The measured fwhm in the line scans was
about 0.51 μm. We varied the dwell time, device voltage, and
flux (Supporting Information Figure S5) but found no
systematic dependencies. The beam size (fwhm), as determined
by ptychographic reconstruction, was 0.29 by 0.39 μm in the
horizontal and vertical directions, respectively. Since our
nanowire, oriented diagonally in the y-z plane, has a diameter
of 100 nm, the effective size in the horizontal (y-axis) direction
was 0.14 μm. Thus, the measured 0.51 μm is in reasonable
agreement with a convolution of beam and detector sizes, and
we conclude that the spatial resolution is limited by the
nanowire size.
Two resolution limitations can be identified. First, the

elongated shape of the diagonal nanowire blurs the 2D scans
since the image is a convolution of the nanowire shape and the
beam shape. Indeed, diagonal stripes are seen at x = 24 mm. By
creating devices with the nanowire oriented orthogonal to the
substrate,37 parallel with the optical x-axis, the resolution would
instead be limited by the smaller nanowire diameter. Second,
the nanowire conductance was saturated since we used the full
flux, and the nanowire conductance saturates around 6.2 × 107

ph/s (Figure 1d). This made it impossible to resolve the sharp
central peak at focus and explains why smaller features can be
observed in the lower-intensity, defocused beam at x = 24 mm.
The high flux did not cause any measurable permanent damage
to the device, however. Established X-ray detectors must
typically be protected from the primary beam with beam stops
in order to avoid damage.
In conclusion, we have demonstrated that the X-ray induced

conductance in InP nanowire-FETs is up to 5 orders of
magnitude larger than expected from a scaling of bulk
parameters. Such effects may be present in any nanostructure
exposed to X-rays since nanostructures by definition have high
surface to volume ratios. More broadly, this shows that
investigations with focused X-rays, despite the weak absorption,
can strongly affect the sample under study. This work could be
developed in the direction of sample characterization,7

exploiting the long penetration depth, short pulses, and small
foci of X-ray nanobeams.
Future developments in the direction of X-ray detection

could explore shorter lifetimes for faster scan rates, for instance,
by deposition of dielectrics.38 Devices could be synthesized
with the nanowire orientated along the beam, with lengths
similar to X-ray absorption lengths.39 In the Supporting
Information, we present preliminary measurements of such
devices. In this geometry the nanowire has much stronger
primary absorption. The entire fields of view in the present
experiment are smaller than single pixels of current direct-
detection semiconductor devices.5 Indirect detectors based on
scintillators and optical microscopes can reach spatial
resolutions of slightly below 1 μm, but future improvements

are difficult since this is near the diffraction limit.40 In contrast,
the spatial resolution in nanowire-based sensors would be
limited by the nanowire diameter, which can be as low as a few
nanometers.41,42 Semiconductor nanowires may therefore
enable a novel kind of high-resolution scanning X-ray detectors,
especially suitable for near-field X-ray detection in small-focus
and high-flux applications. Such detectors could complement,
and even be used simultaneously with, traditional far field
detectors.

■ METHODS

The same sensitivity of the picoammeter was used for all
measurements. The currents were in the range 10 pA to 2 μA.
For the imaging shown in Figure 3, we used 8 × 8 μm scan

areas with 40 × 40 points. The measured piezo motor positions
were used for the analysis.
For the measurements in Figure 1d, the beam was left on for

several minutes in order to measure G(∞). The dynamic
measurements for the high fluxes (Figure 1c all fluxes; Figure
2a,b all fluxes; Figure 2c two highest fluxes) were made a few
hours later with a higher sampling rate and shorter time, and
the analysis after the beamtime revealed 50−70% lower G(∞)
for these measurements. We tentatively attribute this to drift in
the sample stage. This discrepancy prevents a meaningful
comparison of the measured G(∞) in Figure 1d, with the
G(∞) that can be calculated using the relation G(∞) ≈ (qμ/l2)
ptrpabsηΦτ and the lifetimes in Figure 2c. For the rise lifetimes
in Figure 2c, we used the later measurements with high
sampling rate for the two highest fluxes, and the earlier
measurements with long measurement times for the two lower
fluxes.
Ptychography is a powerful technique for analyzing coherent

X-ray wavefields.3,31−34 The ptychographic reconstruction of
the illuminating wave field (probe) was carried out by scanning
a test structure (semiconductor nanowires on a Si3N4
membrane) on a rectangular grid perpendicular to the optical
axis and close to the focal plane, as separately reported in
detail.36 Diffraction patterns of the scattered intensity were
recorded by using the Lambda detector,36,43 which was placed
at 5.07 m downstream of the sample. A chosen region of 160 ×
160 pixels around the beam of each diffraction pattern defines
the pixel size in the probe and object plane to be about 52 nm
(small angle approximation). The ePIE algorithm was used for
obtaining the reconstruction.35 The algorithm was run for 600
iterations where the probe reconstruction was averaged over
the last 200 iterations.

■ ASSOCIATED CONTENT

*S Supporting Information
Current−voltage measurements, derivation of eq 1, absorption
probability, further dynamic measurements, contribution of
substrate photoelectrons, vertical nanowire device, and
resolution optimization. This material is available free of charge
via the Internet at http://pubs.acs.org.
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