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ABSTRACT We report a diameter-dependent photoconduction gain in intrinsic Ge nanowire (NW) photodetectors. By employing a
scanning photocurrent imaging technique, we provide evidence that the photocarrier transport is governed by the hole drift along
the Ge NWs, ensuing the higher internal gain up to ∼103 from the thin NWs. It is found that the magnitudes of both gain and
photoconductivity are inversely proportional to the NW diameter ranging from 50 to 300 nm. We attribute our observations to the
variation in the effective hole carrier density upon varying diameters of Ge NWs, as a result of field effects from the diameter-dependent
population of the surface-trapped electrons, along with a model calculation. Our observations represent inherent size effects of internal
gain in semiconductor NWs, thereby provide a new insight into nano-optoelectronics.
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The characteristics of photocarrier dynamics in semi-
conductors are the basis of the operation of photo-
detectors, photodiodes, and solar cells, and they

typically include photogeneration of electron-hole pairs,
their efficient transport, and collection as the output signal.1

When these photogenerated carriers are effectively collected
into photocurrent (Iph) prior to their recombination, there can
be a photoconductive gain, which then serves as a measure
of the photodetection efficiency.2 Specifically, the photo-
conductive gain (g) can be defined as the ratio between the
number of collected carriers (Iph/e) and incident photons
(ηPopt/hν) per unit time, g ) (Iph/e)/(ηPopt/hν), where η is the
quantum efficiency and Popt is the optical power. In an
Ohmic photoconductor of the channel cross-section area, A,
and length, L, under the bias voltage (V), the photocurrent
is given as Iph ) EσphA and σph ) e∆nµ, where E is the applied
electrical field (E ) V/L), σph is the photoconductivity, µ is
the carrier mobility, and ∆n is the photogenerated carrier
density. Thus, the g is intrinsically proportional to the ∆n
and the E distribution within the channel in a given photo-
conductor geometry. Equivalently, it can be also translated
as the ratio between the lifetime and the transit time of
photocarriers within a given channel. In semiconductor
nanowires (NWs), the photocarrier dynamics is strongly
affected by carrier trapping and/or scattering at the surface
localized energy states over the bulk energy states, particu-
larly due to the large surface-to-volume ratio.3-17 For ex-
ample, the photocarrier recombination in ZnO and GaN NWs
in the UV range is delayed by the hole trapping at the highly
populated surface states, ensuing the prolonged lifetime, and

as a result the enhanced g is achieved.8 Similar effects have
been also observed in Si and Ge NWs in the visible range.3,9,15

Recently it is demonstrated that semiconductor NWs can
serve as a model system to investigate one-dimensional light
absorption, by which dielectric confinements lead to optical
field resonance.18 Earlier examples of the NW photodetec-
tors imply that photoelectric processes in semiconductor
NWs can be strongly influenced by temporal and spatial
charge separation and carrier multiplication within one-
dimensional confinements.3,5,8,9,11,12,16,17 Thereby the pho-
todetection characteristics must be size-dependent at the
certain characteristic length scales. Nevertheless, the size-
dependent photodetection in semiconductor NWs has been
scarcely addressed in a quantitative manner,19 and their
unique nanosize-effects have yet to be fully exploited. Here
we report a strongly diameter-dependent photoconductive
gain in Ohmic Ge NW photoconductors. Particularly we
employed a spatially resolved photocurrent imaging tech-
nique along the individual NWs, which enables to specify
carrier transport as a function of photon flux and applied
electrical field in quantitative details. We first provide evi-
dence that the carrier transport is governed by the hole drift
along the NWs, giving arise to the higher internal gain up to
∼103 from the thinner Ge NWs. Second, we show that the
magnitudes of both σph and g inversely proportional to the
NW diameter (d), as σph and g ∼ (1/d)n. We interpret these
observations to the variation in the population of the surface-
trapped electron upon varying diameters of Ge NWs and the
concurrent variation in the effective hole density by an
electrostatic interaction at the NW surfaces. A model calcula-
tion based on the Poisson-Boltzmann equation of the
diameter-modulated hole accumulation is consistent with
the observed diameter-dependent σph variation. Our obser-
vations represent inherent size effects of internal gain in
semiconductor NWs, because the NW photoconductors are
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the Ohmic-contacted, intrinsic Ge NWs, i.e., the carrier
channel is free of extrinsic dopants under the uniform
electrical field. Thereby our study provides a new insight into
photocarrier dynamics in nano-optoelectronics.

Diameter-modulated Ge NWs were achieved by the in-
dependent control of the axial- and radial-growth kinetics
with the growth temperature and the GeH4 partial pressure
during the Au-catalyst-assisted chemical vapor process, as
previously reported.20,21 Such a conical Ge NW is seen in
Figure 1a, where each end of NWs 30 and 500 nm in
diameter is magnified in the insets. Multiterminal contacts
were made on these conical Ge NWs with Ti/Au Ohmic
metallization, and the spatially resolved photocurrent imag-
ing was carried out by measuring Iph, when a 532 nm laser
beam of a given power is raster-scanned over the area
containing NW devices. As shown in Figure 1b the chopped
laser beam is focused by a microscope lens, and illuminates
the Ge NWs which is placed on a piezo-scanner, while a lock-
in current measurement, relayed with the chopper of 10
kHz, records the Iph. This diffraction-limited far field optics
provides a laser spot of ∼500 nm in diameter at the 532 nm
wavelength in our setup. Parts c and d of Figure 1 show such
scanned Iph images from two different NW segments 150

and 300 nm in diameter, which display the different Iph

magnitudes of 320 and 220 nA under V ) (0.1 V, despite
of the same channel length of 3 µm. This diameter-depend-
ent photoresponse is our principal motivation in this study
and is elaborated in greater detail below.

In order to further investigate the diameter-dependent
photocarrier transport, we first characterized long and uni-
form diameter Ge NW photodetectors. These monolithic Ge
NWs with the uniform diameters are prepared by using
colloidal Au catalysts of different sizes. Parts a and b of
Figure 2 are the scanning Iph images under the (0.1 V bias
voltage, where the measurable Iph is recorded at all positions
on the channel (d ) 160 nm and L ) 6 µm) in greater detail.
Here the ratio between the dark current (Idark) and the Iph

ranged between 0.1 and 1 at a given laser power and bias
voltage (V), which suggests the photogenerated carrier num-
ber marginally exceeds the equilibrium number of carriers
in intrinsic Ge NWs. Figure 2c shows the Iph variation along
the NW channel as a function of V, where the Iph-V char-
acteristics are evidently position-dependent. With increasing
|V|, the Iph peak amplitude linearly increases, and its position
gradually shifts to the negatively biased electrodes, as also
summarized in Figure 2d. This finding suggests that the holes

FIGURE 1. (a) A scanning electron microscopy (SEM) image of a
diameter-modulated Ge NW. Inset: Magnified SEM views and high-
resolution TEM images at each end of the NW. (b) Schematics of the
scanning photocurrent measurement setup for the conical Ge NW
multiterminal device. (c, d) Scanning photocurrent images (color)
by a lock-in current measurement, relayed with the chopper of 10
kHz at V ) 0.1 V overlaid on reflection images (gray) of the device.
Channel length of the Ge NW is 3 µm long and diameters are 150
and 290 nm, respectively. The insets illustrate the NW end segments
of different diameters under investigation.

FIGURE 2. (a, b) Scanning photocurrent images (color) of the 6 µm
long and uniform diameter Ge NW photodetector overlaid on
reflection images of electrodes in gray at V ) 0.1 and -0.1 V,
respectively. (c) Photocurrent variation along the NW channel as a
function of bias voltage. (d) Photocurrent line profiles taken along
the device channel of (c) at each bias voltage. All scanning photo-
current data were taken by a lock-in current measurement, relayed
with the chopper of 10 kHz.
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are the majority carriers as further discussed below.9,15 Also,
within the NW, the|Iph| significantly decreases as the laser
position moves away from the peak position. The linear
Iph-V characteristics upon the different laser power density,
in Figure 3a, indicates that the contact is Ohmic under the
bias up to 3 V, whereas the Ni/Au contacted Ge NWs, as in
Figure 3b, display the nonlinear Iph-V characteristics, where
the Iph is saturated above 2 V. Note that a small oscillation
of Iph is due to the small laser output oscillation of (2%. As
seen in the upper inset, the Iph profile is highly concentrated
at the contact. We routinely find these Schottky contacts
either or both contacts from Ni/Au metallized Ge NWs. When
locally photogenerated carriers within Ge NWs are subject
to applied voltages, they either drift and/or diffuse driven
by electrical field (E) or carrier concentration gradients.
Within a Schottky Ge NW photodetector the e-h pairs are
generated and accelerated mainly by the local electrical field
at the contact, produced by a strong local band bending, and
the remaining carrier transport is diffusion-limited, as il-
lustrated in the lower inset.6,9,15 The current saturation

behavior at high V is then understood as the contact barrier
lowering. However, in an Ohmic Ge NW photodetector of
Figure 3a, the applied E is uniform along the NW channel;
thus the carrier generation rate is spatially uniform and the
carrier effectively drifts along the linear potential profile, as
illustrated in the lower inset. Then the position-dependent
Iph characteristics in the Ohmic Ge NW photodetectors can
be understood with variation of the equilibrium photocarrier
concentration under the uniform E, ∆n along the NW chan-
nel, as Iph ) Ee∆nµA. Provided that photocarriers are im-
mediately collected at the Ohmic contacted electrodes upon
their arrival, the equilibrium ∆n peak naturally shifts to the
collecting electrodes of the opposite sign of the carrier type.
The fact that it linearly shifts to the negatively biased
electrodes suggests that the photogenerated hole drift is
mainly responsible for the carrier transport in intrinsic Ge
NWs. This is also consistent with the fact that our intrinsic
Ge NW shows p-type characteristics3 under an applied back-
gate voltage; see also Figure S2 in Supporting Information.
Figure 3c shows the variation in σph as a function of the

FIGURE 3. (a, b) Photocurrent as a function of bias voltage at various laser intensities in the Ohmic Ge NW photodetector and the Schotttky
Ge NW photodetector, respectively. Upper insets: Corresponding scanning photocurrent images of each device. Lower inset: Schematics of
the energy band diagrams in each device. (c) Photoconductivity of Ge Ohmic and Ge Schottky photodetectors as a function of absorbed power
density at V ) 0.5 V. Solid lines are linear fits to the data with labeled slopes. (d) Photoconductive gain as a function of absorbed power
density for the devices in (c). For the Ge Ohmic photodetector, the bias voltage dependence was measured at V ) 0.5, 2, and 4 V.
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absorbed power per volume, measured from several differ-
ent NW photodetectors including Ohmic and Schottky Ge
NWs, within which the NW diameters and lengths are
labeled. Here we pointed out that the light absorption by
NWs can be different from bulk Ge, due to the fact that the
light intensity decays in the light incident direction over the
cylindrical NW geometry. We thus derived the absorbed light
power density in each Ge NW of different diameters by
defining the quantity of the integrated decaying power over
the cylindrical NW geometry, normalized by the nominal
NW volumesFigure S1 in Supporting Information. Thus the
variation of σph and g in our study is plotted as a function of
the effectively absorbed power per volume, hereafter power
density, instead of the nominal one. Generally we find
several orders of magnitude differences from one another,
and by far the Ohmic Ge NW photoconductors maintain the
highest σph at the measured power range, although the
power dependence exponent is smallest. The photoconduc-
tive gain, g, in Figure 3d, shows even greater orders of
magnitude differences particularly at the lower power den-
sity, and its value of the Ohmic Ge NW photoconductors
reaches up to 102. Notably from all measured photoconduc-

tors, with increasing power the g tends to initially saturate
at the low power, then decreases, again, with different
power dependence at the higher power. We also found that
the g dependence linearly increases with increasing V in the
Ohmic Ge NW photodetector, as expected from Ohmic
conductors, with the saturated g above 2 V to be almost 103.
This value is the highest ever reported from intrinsic Ge to
the best of our knowledge.

We now turn to the Ge NW diameter-dependent photo-
carrier characteristics, which is the main focus of our study.
Here the laser beam is polarized parallel to the NW axis and
is globally illuminated over the entire NWs of the same
length of 3 µm in a continuous mode. Figure 4a reveals the
σph variation in Ohmic Ge NW photoconductors, whose
diameters are 50, 60, 150, and 290 nm at V ) 0.5 V. We
find that with decreasing diameters the σph is strongly
enhanced over the entire power range by more than 2 orders
of magnitudes. It should be remembered that our Ge NWs
are Ohmic conductors and thus the σph variation directly
arises from the effective carrier density modulation, ∆neff,
upon varying diameters, provided that the photocarrier
mobility remains the same. Then, σph can be expressed to

FIGURE 4. (a) Photoconductivity and (b) photoconductive gain as a function of absorbed power density with different diameters of 50, 60,
150, and 290 nm at V ) 0.5 V. (c) Illustration of the photocarrier generation by the low photon flux and subsequent electron surface trap and
hole accumulation at the Ge NW cross sections with different diameters, which is similar to a cylindrical capacitance. (d, e) Two-dimensional
simulation of the induced hole concentrations (filled colors) for 50 and 300 nm thick Ge NW cross sections. For clarity, the scale bar in 50 nm
NW is twice that in 300 nm NW. (d) The induced hole concentrations at lower photon flux as in the case of (c). (e) The induced hole
concentrations in the case of full saturation of surface states in both NWs upon the higher photon flux. Contours in each NW cross-section
image represent the equipotential line (gray).
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include an additional diameter-dependent term, ∆nacc(d) as
σph ) e∆neffµ and ∆neff (d) ) ∆n + ∆nacc(d), where d is the
NW diameter. The g variation in diameter is even more
pronounced as seen in Figure 4b: with decreasing diameters,
the g peak is formed at the progressively lower power
density, which is responsible for the diverging differences
at the lower power density, while above the certain power
density, g values are steadily lowering as the power density
increased with same slope regardless of the NW diameter.
The relatively higher σph and g characteristics in Ge NWs
were attributed to the free hole (the majority carrier) ac-
cumulation near the Ge/GeOx interfaces due to the presence
ofthesurface-trappedelectrons(theminoritycarriers).9,15,22-25

The g saturation at the higher power density can be under-
stood with the limited number of available surface states to
be filled by photogenerated electrons, in turn modulating the
hole accumulation, as also manifested in the subunity
exponent (0.29) of the power-density-dependent σph.9,15

Here we note that these “field effects” from the trapped
electrons at the NW surfaces must be diameter dependent,
as quantitatively follows below. When the number of the
electron-hole pairs created at a NW cross section per unit
length is proportional to π(d/2)2, the number of surface
trapped electrons per unit length is proportional to 2π(d/2).
Provided that the induced hole concentration is directly
proportional to the number of surface-trapped electrons by
an electrostatic interaction, the accumulated hole concentra-
tion can be expressed by

which qualitatively explains our principal observation of the
σph variation in diameter in Figure 4a. For calculation
simplicity, we treat our Ge NW as a cylindrical metal capaci-
tor where a thin dielectric layer separates the inner core (the

accumulated hole) from the surface charges (surface-trapped
electrons) and the capacitance is proportional to the cylinder
diameter, as illustrated in the right side of Figure 4c; see also
Figure S3 in Supporting Information. Figure 4c illustrates a
situation where the photon flux is only enough to create the
number of electrons to fully fill a thin NW, leaving partial
filling on a thick NW. The electrostatic potential distribution
in our case can be given by the Poisson-Boltzmann equation

where F(r) represents the additional accumulated charge
density and V(r) is the electrostatic potential and the
equilibrium hole concentration at zero-surface potential,
P0. We numerically solve this V(r) with the P0, which can
be empirically approximated from dark conductivity mea-
surements on various diameter Ge NWs; see also Sup-
porting Information. Figure 4d represents the induced
hole concentrations at the lower photon flux for 50 and
300 nm thick NWs, calculated by eq 1, as in the case of
Figure 4c. We find 2 orders of magnitude difference in
∆neff between two NWs, which is consistent with the
observed σph variation in Figure 4a. Figure 4e shows the
case of full saturation of surface states in both NWs upon
the higher photon flux, where the concentration differ-
ence reduced within an order of magnitude. Figure 5a is
the σph as a function of 1/d when the g is maximal (thus
the surface states are saturated with electrons). We
directly compare the accumulated carrier density ∆nacc

calculated by eqs 1 and 2 with the ∆neff extracted from
the σph values and found an order-of-magnitude agree-
ment, in Figure 5b, with a less steep d dependence,
presumably due to the absence of depletion layers in the
capacitance model. We then attempt to calculate the

FIGURE 5. (a) Diameter dependence of the photoconductivity when the photoconductive gain is maximal, extracted from Figure 4a. Solid
lines (red) are fit to the data by eq 3 in the text. (b) Diameter dependence of the photocarrier concentration when the gain is maximal. The
experimental data (black square) are compared with the calculated ones calculated by eq 1 and 2 in the text (red square).

∆nacc ∝ 2π(d/2)

π(d/2)2
∝ 1

d

∇2V(r) ) -F(r)
ε

) -
eP0

ε (exp(-eV(r)
kT ) - 1) (1)
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accumulated hole concentration by integrating the charge
density over the NW geometry as follows

The solution of eq 2 in a cylindrical geometry is not
analytically available, thus we instead fit the σph data with
a phenomenological relation

where d0 denotes the upper limit of d above which ∆nacc(d)
by surface trapped electrons is negligible and R and � are
the fitting parameters. From the best fitting shown as a
solid line, we deduced d0 to be 750 nm with R ) 1.7 and
� ) 0.01. Below this bulk limit, even a small amount of
the trapped charge density by � ) 0.01 accumulates a
significant amount of ∆nacc(d) by a factor of (d0/d)R - 1.

In summary, we report the high σph and g, which is
diameter-dependent as ∼(1/d)R, in intrinsic Ge NW photo-
conductors. We interpret these diameter-dependent σph and
g in terms of the modulation of the hole carrier density by
surface photogating effects of trapped electrons at the Ge
NW surfaces. Our findings represent inherent size effects of
internal gain in optoelectronic semiconductor NWs.
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