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ABSTRACT: Large spectral modulation in the photon-to-
electron conversion near the absorption band-edge of a
semiconductor by an applied electrical field can be a basis for
efficient electro-optical modulators. This electro-absorption
effect in Group IV semiconductors is, however, inherently
weak, and this poses the technological challenges for their
electro-photonic integration. Here we report unprecedentedly
large electro-absorption susceptibility at the direct band-edge
of intrinsic Ge nanowire (NW) photodetectors, which is
strongly diameter-dependent. We provide evidence that the
large spectral shift at the 1.55 μm wavelength, enhanced up to
20 times larger than Ge bulk crystals, is attributed to the
internal Franz−Keldysh effect across the NW surface field of
∼105 V/cm, mediated by the strong photoconductive gain. This classical size-effect operating at the nanometer scale is universal,
regardless of the choice of materials, and thus suggests general implications for the monolithic integration of Group IV photonic
circuits.
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Energy band distortion under a strong potential gradient
(typically 105−106 V/cm) shifts the absorption edge of the

direct band gap (Eg) to a lower energy by the Franz−Keldysh
(F−K) effect.1,2 Silicon crystals, however, require the very high
fields close to the breakdown field to obtain a substantial F−K
effect.3,4 Germanium has been recognized as a promising
candidate for photodetectors and electro-optical modulators,5,6

as it displays the quantum-confined Stark effect in Si1−xGex
quantum wells and the direct-band transition characteristics in
tensile-strained Ge thin films near the telecommunication
wavelength.7−13 Although low-dimensional semiconductors,
such as colloidal quantum dots and nanowires (NWs) exhibit
substantially large spectral changes and optical gain in light
absorption, due to the dielectric, optical, and electronic
confinements,14−19 size-dependent electroabsorption processes
in Ge nanocrystals have been scarcely addressed in a
quantitative manner and yet to be fully exploited.6,20,21 A
strong photoconductive gain effect in Ge NWs, arising from the
temporal charge separation at the NW surfaces, has been
observed to significantly influence the photodetection charac-
teristics near the direct band gap.22−25 Therein, the high
surface-state density in Ge NWs and the associated carrier
separation often produce a strong electrostatic field in excess of
105 V/cm in the NW radial direction near the surfaces. In this

work, we have systematically investigated diameter-dependent
electroabsorption processes by tuning the internal field of Ge
NWs with the gate (Vg) and bias voltage (Vb) and attributed
our observations to the internal F−K effect, by which large
spectral modulation is further amplified by the photoconductive
gain during the interband photocarrier generation and
transport.
The upper inset of Figure 1a shows the schematics of a Ge

NW photodetector, where the intrinsic (nominally undoped)
Ge NW of a given diameter (50−130 nm) is ohmic-contacted
to Ni/Au electrodes (source and drain) (see also Supporting
Information) and is also gated across a SiO2 dielectric layer by a
degenerate Si substrate (gate). We have verified that our Ge
NWs commonly show the p-type photoconductor character-
istics, consistent with literature, as in the lower inset. We have
obtained the photocurrent (Iph) spectra at the photon
wavelength of 0.45−1.8 μm, when a white-light super-
continuum laser source coupled to a monochromator as a
wavelength tunable excitation system illuminates over the area
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containing the NW photodetector, as seen in the main panel of
Figure 1a. The directly measured Iph is converted into the
effective absorption coefficient, α, by the relation26 of
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where d is the diameter of the Ge NW, R is the reflectance, G is
the photoconductive gain, η is the photon-to-carrier conversion
efficiency, and P is the incident optical power (also see
Supporting Information). We assume that η is equal to unity,
and the change in the surface reflection upon the applied field is
negligible.11,13 Notably, the spectral on-set of the measurable
Iph near the 1.5−1.6 μm wavelength, which corresponds to the
direct band gap edge of Ge, shifts significantly to a lower energy
upon decreasing Vg from 0 V to −10 V, although the spectral
features above the band gap energy remains constant. We have
also plotted the spectral absorption contrast ratio, Δα/α, to
express the efficiency of modulation of light absorption,

showing a narrow peak variation at the absorption edge. This
variation is at least one or 2 orders of magnitude larger than in
literature.6,11,12,27 Figure 1b is the photoresponsivity by the
relation of Iph ∼ exp(α) ∼ exp(hν − Eg)

1/2 for the direct gap
transition near the absorption edge in a 80 nm thick Ge NW as
a function Vg in the ±10 V range, showing the large span of the
absorption edge shift of 50 meV. Conventionally, Si optical
modulators exploit the plasma dispersion effect, where the
variation in the free carrier concentration changes the effective
absorption coefficient.1,28 We assessed the changes in
absorption coefficient due to the free carrier effect based on
an analytical dispersion relation between the carrier concen-
tration and the absorption coefficient derived from the Drude−
Lorenz equation by Soref et al.28 and found that the observed
Δα is higher by at least 2 orders of magnitude. Thus, we
exclude the free carrier absorption effect for the principal origin
of our observations. Instead, we attempt to analyze our
observations within the framework of the F−K effect, by which

Figure 1. Gate-field dependent absorption spectra of Ge NW photodetectors (a) Optical absorption spectra obtained from the photocurrent data of
a Ge NW photodetector. The dotted gray line with the right axis exhibits the spectral absorption contrast ratio, Δα/α, at the absorption edge. The
upper inset illustrates the schematics of photodetection experiments of Ge NW field-effect transistor with the wavelength tunable excitation system.
The whole active region of the devices was globally illuminated. The lower inset shows the p-type characteristics of photoconductance at λ = 1550
nm with the gate efficiency, α of 0.088. (b) The gate voltage dependent absorption spectra near the direct band gap of Ge NWs. Apparent absorption
onset values were extracted from the squared absorption coefficient spectra for different gate voltages by extrapolating the linear portions. The inset
is the absorption edge values as a function of gate voltages which shows a large span of the shift over the 50 meV.

Figure 2. Electro-absorption modulation by F−K effect in Ge NW photodetectors (a) Illustration of the energy band bending near the Ge NW
surface indicating the internal F−K effect. An effective wave function overlap between electrons in the conduction band and holes in the valence
band penetrates the classical Eg under the presence of the effectively large electrical field, ensuing the sub-Eg optical transition. (b) Gate voltage
dependence of surface electric field estimated by F−K formalism (left axis) and experimentally obtained photocarrier concentration (right axis). The
inset illustrates the band bending inside the NW for different gate voltages of −10 V, 0 V, and 10 V.
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the sub-Eg optical transition can be available via an effective
wave function overlap that penetrates the classical Eg under the
presence of the effectively large electrical field, as seen in Figure
2a. Therein the electron wave function modifies into Airy
function, and the relevant α decays exponentially below the Eg
as expressed by29
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where mr* is the reduced effective mass and the absorption
edge shifts to the lower energy with increasing the applied
electric field. From eq 3, the observed absorption edge shift of
50 meV requires the static field on the order of ∼105 V/cm,
applied across the Ge direct Eg. We attribute the physical origin
of this internal surface field to the temporal separation of
photogenerated carriers near the NW surfaces, as in the inset of
Figure 2b. Ge surface states located in the GeOx and the
interface between Ge and GeOx tend to preferentially trap the
photogenerated electrons, leaving the free holes in the NW
inner body,23,30−32 and this spatial charge separation generates

an effectively large surface field in the NW radial direction,
E(r), which can be estimated by solving Poisson equation in a
cylindrical geometry as,
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where N, r, d, ε, and ϕs are the effective accumulated
photocarrier concentration, the cylinder radius, the NW
diameter, electrical permittivity, and the surface potential.
Here we assume that the depletion layer width (Wd) is smaller
than r in the cylindrical model. Then, this internal electrostatic
field is principally dependent on the photoinduced charge
density, N, which can be tuned by the applied Vg. We deduced
the photoinduced hole carrier density from the Iph-trans-
conductance measurement and plotted them in Figure 2b along
with the field strength required to observe the magnitude by
the internal F−K effect in eq 2. The comparison shows that the
carrier density variation on the order of ∼1017 cm−3 is closely
related to a variation of the internal field in the 105 V/cm range.
This agreement suggests that the variation in the strong surface
field, modulated by the photoinduced carrier density with the
applied Vg, is responsible for the observed absorption edge
shift.

Figure 3. Diameter-dependent electro-absorption modulation in Ge NW photodetectors. (a) Two-dimensional electrostatic field distribution plots
for different diameter values plotted in color scale by solving the Poisson equation with the COMSOL multiphysic software. The band diagrams for
the cross-section of Ge NWs with the diameters of 50, 80, and 128 nm are described by black lines and overlaid with the simulated two-dimensional
electrostatic field distribution in colors. The relative position of states and the numbers of black (trapped electrons) and white (accumulated holes)
circles are only conceptually represented for the effective numbers of carriers and the surface potentials. (b) The squared absorption coefficient
spectra for different diameters, from which the apparent absorption onset values can be extracted by extrapolating the linear portions. Inset:
Absorption edge values as a function of NW diameters. (c) Comparison of the diameter dependence of surface electric field between the electric field
experimentally obtained by F−K formalism and the electric field calculated by the Poisson equation.
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In our simple cylindrical capacitor model of a Ge NW with
the capacitance C and the effective cross-sectional area of A, the
number of the electron−hole pairs created at a NW cross-
section per unit length (l) is proportional to A l ∼ π(d/2)2l, and
the number of surface trapped electrons per unit length is
proportional to 2π(d/2) l. Provided that the number of the
photoinduced charges is directly proportional to the number of
surface-trapped electrons by an electrostatic interaction, the
accumulated hole concentration, N can be expressed by N ∝
(Q/A) ∝ [(2π·(d/2))/(π·(d/2)2)] ∝ (1/d).24 Then, one can
expect that the smaller d lifts the surface potential significantly
due to the higher surface charge density. Two-dimensional
electrostatic field distribution plots for different d values are
plotted in Figure 3a by solving eq 4 under the constant photon
injection rate. We have measured the Iph-spectral changes near
the absorption edge as a function of d at Vb = 2 V and Vg = 0 V,
and the converted α is plotted in Figure 3b. Indeed, the larger
edge shift, with decreasing d from 128 to 50 nm, was clearly
observed. The comparison between the calculated surface E-
field by eq 4 with the E-field strength required for the observed
diameter-dependent F−K effects by the eq 3 find a reasonable
agreement, as in Figure 3c. This observation strongly
corroborates that the internal F−K effect is responsible for
the observed large electro-optical effects.
The fact that the large internal field at the NW surface is

modulated by the degree of the surface-state filling of the
photogenerated carriers raises an intriguing possibility that the
electroabsorption can be amplified by the photoconductive gain
upon the interband optical transition across the Eg. The
photoconductive gain is defined as the ratio between the
photocarrier lifetime (τ) and their transit time in the
photoconductor channel during the photodetection process;
thus in the NW photoconductors it is strongly influenced by
the temporal and spatial carrier separation near the NW
surface.22,23 For example, the photocarrier recombination in Ge
NWs is delayed by the electron trapping at the surface/
interface-states, ensuing the prolonged lifetime, and as a result
the photoconductive gain is achieved. Then, the bias-voltage
(Vb), applied across the ohmic NW channel, can control the
electroabsorption effects by the carrier concentration modu-
lation, associated with the degree of the surface-state filling, as

suggested in the following. Figure 4 is the Iph-spectra as a
function of Vb at the low voltage range from 0.2 to 2 V in a 75
nm thick Ge NW and clearly shows that the absorption edge
shifts significantly to a lower energy with increasing Vb near the
direct Eg. The Iph in the ohmic NW photoconductor of the
cross-sectional area A is defined as,

μ μ= +I
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L
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where L is the NW channel length, μp(n) is the photogenerated
hole (electron) mobility, and N is the induced photocarrier
concentration. At a steady-state photocarrier generation-
recombination process, N is linearly proportional to its lifetime,
τ, in a relation of
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where η is the photon-to-photocarrier conversion efficiency,
and Popt is the absorbed optical power. Interestingly, in our Ge
NWs, we find that the τ is nonlinear to the Vb and strongly
dependent on the photon wavelength (λ). The normalized Iph−
Vb at the different λ, in Figure 4b, clearly marks the transition
from superlinear below the Eg to sublinear above the Eg.
Provided that μh(e) is independent of Vb, the slope of ΔIph/ΔVb
is connected to the ΔN in eq 5, which is in turn proportional to
the Δτ. This nonlinear Iph−Vb characteristics at the different λ
can be attributed to the degree of the surface-state filling of the
photogenerated carriers during the photocarrier detection;
while at hc/λ > Eg the available surface-states are immediately
filled and ∂N/∂Vb ∼ ∂τ/∂Vb < 0 within the applied Vb range, at
hc/λ ∼ Eg the available surface-states are steadily filling with
increasing Vb and ∂N/∂Vb ∼ ∂τ/∂Vb > 0. Thus, the increasing
Vb near the Eg can progressively establish the significant ΔN,
ensuing the efficient surface-field to enhance the F−K effect.
This is also consistent with the power-dependent internal gain
measurement in the Supporting Information. For a check-up,
we deduced the surface field from the photocarrier concen-
tration by eq 4 and found an excellent agreement with the field
gradient required for the Vb-dependent F−K effects, as in the
inset of Figure 4a.

Figure 4. Bias-voltage dependent electroabsorption in Ge NW photodetectors. (a) Bias-voltage dependence of the absorption spectra near the direct
band gap of Ge for different bias voltages of 0.2, 0.5, 1, 1.5, and 2 V. From the squared absorption spectra for different bias-voltages, the apparent
absorption onset values were extracted by extrapolating the linear portions. Inset: Comparison of the bias voltage dependence between the surface
electric field experimentally obtained by F−K formalism and the field calculated by the Poisson equation. (b) Comparison of the normalized
photocurrent as a function of bias voltage at the incident light of different wavelengths in the Ge NW device with the diameter of 50 nm.
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The degree of the absorption edge shift in response to the
applied field is quantitatively defined as electroabsorption
susceptibility and represents a direct measure of the electro-
optical modulation. Figure 5a summarizes such absorption edge
shifts from various NW diameters in our study as a function of
the applied field, in comparison with those previously reported
in bulk Ge photodetectors. Clearly it shows a strong diameter
dependence, where the thinnest Ge NW (50 nm) requires the
substantially smaller field below 10 kV/cm of the externally
applied field to generate the 40 meV shift. Equivalently, in
Figure 5b, the measured electroabsorption susceptibility in our
Ge NWs at their direct band-gaps is summarized, and it is
recorded up to 7.5 meV·cm/kV at the 1.55 μm wavelength for
the thinnest NW (50 nm), and this corresponds to the variation
of the large absorption (Δα) of 1345 cm−1. It is as large as the
20 times of the best known Ge electro-optical modulator,
fabricated from the various forms of bulk Ge crystals including
thin films33 and p−i−n photodiodes.11,34 In fact, it is even
much higher than those ever reported from direct-gap
semiconductors such as InP35 and InGaAs.36−38

Methods. Ge NWs Synthesis and Photodetector Fab-
rication. Single-crystalline Ge NWs in our study were
synthesized by Au catalyst-assisted chemical vapor syntheses.
We prepared Au catalysts on SiO2/Si substrate by dispersion of
20−50 nm colloidal Au nanoparticles or evaporation of 0.5−2
nm Au thin film. Then the samples were loaded in a hot wall
CVD chamber, and the temperature of furnace was heated to
330 °C; H2 was injected until the total pressure reached to 200
Torr. Subsequently 10% of GeH4 premixed in H2 precursors
and H2 gas were injected into the furnace with each flow rate of
150 sccm. A two-step GeH4 CVD process was performed by
controlling the temperature from 330 to 270 °C to suppress the
side-wall growth. Then, Ge NW devices were fabricated on 100
nm SiO2/p-type degenerated Si substrates by standard e-beam
lithography and the Ni/Au (30/150 nm) metallization by
thermal evaporation. The degenerated silicon substrate was
used as a global backgate.
Spectral Photocurrent Measurements. For the spectral

photocurrent measurements, we used a broadband super-
continuum laser (450 nm ≤ λ ≤ 2000 nm) combined with a
monochromator for the high resolution spectra. During the
wavelength scanning, photocurrent is measured by a lock-in

technique with the chopper frequency of 10 kHz and
subsequently normalized to the photon flux. The chopped
laser beam is focused by microscopic lens (NA = 0.5) and
illuminates the NW channel region of devices.
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