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temperature effects in a graphene–tellurium
nanowire binary hybrid†
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The optoelectronic performance of hybrid devices from graphene

and optically sensitive semiconductors exceeds conventional

photodetectors due to a large in-built optical gain. Tellurium

nanowire (TeNW), being a narrow direct band gap semiconductor

(∼0.65 eV), is as an excellent potential candidate for near infra-red

(NIR) detection. Here we demonstrate a new graphene–TeNW

binary hybrid that exhibits a maximum photoresponsivity of ∼106

A W−1 at 175 K in the NIR regime (920 nm–1720 nm), which

exceeds the photoresponsivity of the most common NIR photo-

detectors. The resulting noise-equivalent power (NEP) is as low

as 2 × 10−18 W Hz−1/2, and the specific detectivity (D*) exceeds

5 × 1013 cm Hz1/2 W−1 (Jones). The temperature range of optimal

operation, which extends up to ≈220 K and ≈260 K for 1720 nm

and 920 nm excitation, respectively, is primarily limited by the

electrical conductivity of the TeNW layer, and can further be

improved by lowering of the defect density as well as inter-wire

electronic coupling.

Infra-red (IR) detection has drawn a lot of attention because of
its practical applications in various fields, such as satellite and
fiber-optic communication, night vision and surveillance,
remote sensing and thermal imaging. Most of these IR photo-
detectors are based on quantum dots and wells,1–4 carbon
nanotubes,5,6 organic polymers,7,8 nanocrystals,9–11 transition
metal dichalcogenides (TMDCs)12,13 and other low band
gap semiconductor systems. Two of the major IR detectors are
photodiodes and photoconductors, where the latter
can exhibit enhanced photoresponsivity γ, which is the ratio of
the photo-generated current (IP) to the incident optical

power P, due to a high optical gain. A large photoresponsivity
allows attaining low noise-equivalent power,
NEP ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2eId þ 4kBT=RÞ

p
=γ, (where Id is the dark state current,

T is the temperature and R is the resistance of the channel)
and large specific detectivity, D* ¼ ffiffiffi

A
p

=NEP (A is the detector
active area). Among the room temperature IR-detectors, the
highest specific detectivity is reported from solution cast PbS
quantum dots (D* ≈ 1.8 × 1013 cm Hz1/2 W−1 or Jones at
1300 nm).1 InAs/InGaAs-based low band gap semiconductor
heterostructures and self-assembled quantum dot devices
exhibit exceptionally low NEP (10−18–10−19 W Hz−1/2), making
these devices suitable for single photon detection in the tele-
communication range (∼1550 nm).14–16 These devices,
however, mostly operate at liquid helium temperatures (≲4 K),
and constructing a high-temperature, low-noise and broad-
band (∼800–2000 nm) NIR detector remains an outstanding
technological challenge.

Single layer graphene17 has traditionally been of great inter-
est for photodetection due to its strong coupling to radiation
(coupling coefficient ∼107 m−1) over a broad range of the elec-
tromagnetic spectrum (∼0.3–6 μm). Bare graphene photo-
detectors are used for broadband photodetection,18 although
the sensitivity of these devices is relatively poor because of low
net optical absorption (∼2%) by graphene. Alternative
designs19 of graphene photodetectors sensitized with diverse
underlying physical mechanisms from metal plasmonic coup-
ling,20,21 photogating,22 photothermoelectric23 and photo-
voltaic24 to bolometric25 have also been demonstrated. Of par-
ticular interest are graphene–semiconductor heterojunctions
and heterostructures,22,26–32 where a physical separation of the
photogenerated electrons and holes can lead to an extremely
long carrier lifetime (up to several seconds), and hence a very
high optical gain. This has led not only to large γ ∼ 1010 AW−1

in MoS2–graphene hybrid devices, but also unexpected opto-
electronic effects, such as persistent photoconductivity.22 In
the IR regime, hybrid devices of graphene electrodes sand-
wiching a Ta2O5 film exhibit room temperature IR photo-
responsivity γ ≈ 1 A W−1 for photoexcitation wavelengths up to
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3 μm.33 IR specific detectivity as high as ≈7 × 1013 Jones has
been reported when a planar array of PbS quantum dots is
self-assembled on the surface of a graphene field effect transis-
tor,34 where the quantum dot layer serves as an optical gate in
the presence of illumination. However, in spite of promising
characteristics, the performance of graphene-based NIR photo-
transistor designs with other partner nanomaterials, and also
the effect of temperature, remain largely unexplored.

Here we report the NIR photoresponsivity and specific
optical detectivity of graphene–tellurium nanowire (TeNW)
binary hybrid devices. Tellurium (Te) is a semiconductor with
a trigonal crystal structure having a bulk band gap of ∼0.35 eV.
It is often used as a thermoelectric material, gas sensor, piezo-
electric material and also in optoelectronics and other
applications.35–38 In the nanowires of diameter ranging
between ∼5–10 nm, the band gap increases to ≈0.65 eV (see
section S2 in the ESI†), making TeNWs excellent candidate for
photoabsorption in the NIR regime. A planar ensemble of
TeNWs exhibits large in-plane resistance due to their weak
inter-wire electronic coupling which allows, when dropcast on
the surface of a graphene field-effect transistor (FET), the for-
mation of a photosensitive hybrid, similar to that of graphene
and self-assembled quantum dots.34 Our experiment reveals
photoresponsivity γ as large as 106 AW−1, and specific detectiv-
ity D* > 1013 Jones in the hybrid over a broad range of wave-

lengths (∼920–1720 nm), exceeding those of the most existing
(cooled) NIR photodetectors by over an order of
magnitude.11,12,39–42 Moreover, a systematic temperature-
dependence of the photoresponse reveals that the maximum
operating temperature (∼220–260 K) of these devices is mainly
limited by the electrical conductivity of the TeNW layer, which
can be further enhanced by lowering the defect density and
inter-wire electronic coupling.

In order to fabricate the graphene–TeNW hybrid, single
layer graphene was mechanically exfoliated on the standard
Si/SiO2 (285 nm) substrate followed by electron beam lithography
for the contact pads, and 5 nm/50 nm of Cr/Au metallization.
Finally, TeNWs (suspended in ethanol solution) were dropcast
on the graphene FET, and spread uniformly over the device
area (see schematic of Fig. 1(a)). More details of the TeNW
growth process and dispersion over a pre-determined area of
the substrate can be found in sections S1 and S3 of the ESI.†
The electrical and optical measurements were carried out
using a home-made variable-temperature optical cryostat
having four power-calibrated LEDs of different wavelengths
(920 nm, 1300 nm, 1550 nm and 1720 nm) mounted on an
optical window. The drain–source voltage (VDS) is applied
across two metal electrodes, and the corresponding drain–
source current (IDS) is monitored using a lock-in amplifier.
Fig. 1(b) shows the SEM image of a representative graphene–

Fig. 1 Device structure and characteristics: (a) Schematic of the graphene–TeNW hybrid along with the circuit diagram for optoelectronic measure-
ments. (b) SEM image of a representative graphene–TeNW binary hybrid. The graphene area has been outlined with a green dashed line. The area
fraction coverage of TeNWs on graphene is calculated directly (see Fig. S4 in the ESI† for further details) and mentioned in the image box. The inset
shows the optical image of the same device. (c) Raman spectroscopy of the hybrid showing the spectra of both Te (A1 peak) and graphene (2D peak).
(d) Transfer characteristics (R–VG) of the graphene–TeNW hybrid device before and after the dropcast of TeNWs. (e) Band diagram schematic showing
the initial electron doping of graphene from TeNWs. (f ) Histogram of the shift in the Dirac point (ΔVD) for all measured devices.
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TeNW device, with a typical channel length of ∼1.5–2 μm. The
inset also shows the optical image of the same device.
Importantly, due to limited control on the dropcast process,
the layer of TeNWs extends onto both metal electrodes,
thereby making a parallel transport channel with graphene.
However, the in-plane resistance of the layer at a low tempera-
ture (T ∼ 175 K) exceeds 1 MΩ (see Fig. 4(d)), considerably
larger than the typical graphene channel resistance (∼2–10
kΩ). Therefore, the conduction through the TeNW layer can be
neglected, particularly at T ≲ 200 K. Structural characterization
using Raman spectroscopy shows the high crystallinity of both
the members in the hybrid (Fig. 1(c), also see section S4 as
well as Fig. S2(c) in the ESI† for HRTEM images of individual
TeNWs). The inset shows the typical Raman active A1 mode
peak for Te (∼125 cm−1),44 and the 2D peak for graphene,45

whose strength is weakened due to the presence of intervening
TeNW layer.

The electrical characteristics of the hybrid are shown in
Fig. 1(d). The orange and blue traces represent room tempera-
ture dark-state transfer characteristics (resistance-gate voltage:
R–VG) of the device before and after the dropcast of the TeNW
layer respectively. The light green trace shows the post-dropcast
characteristics at T = 180 K. The shift in the charge neutrality
point (Dirac point) towards the negative side of the gate voltage

after the dropcast (ΔVD ∼ −10.8 V in this case) suggests electron
doping in the graphene channel. This can be easily understood
from the band alignment in TeNWs and graphene when the
hybrid is formed (Fig. 1(e)). The difference between the work-
function of graphene (∼4.5 eV), and the electron affinity of
TeNWs (∼1.97 eV) in the presence of a band gap of ≈0.65 eV,
places the Fermi level of the TeNWs about ∼2.2 eV above that of
undoped graphene. The resulting flow of charge leads to intrin-
sic electron doping of the graphene channel, as confirmed in
Fig. 1(d). The consistency of the shift magnitude, with ΔVD ∼
−10 V in over 80% devices (Fig. 1(f)), confirms the device or pro-
cessing-independent transparency of the interface to charge
transfer, which is crucial for the charge separation and the
photogating effect during optical illumination.

The optoelectronic response of the hybrid, illustrated for
the excitation wavelength 920 nm at an optical power level of
7741.0 fW μm−2 (T = 175 K), is shown in Fig. 2. The experiment
involves recording the change in the device resistance across
periodic cycles of switching on and turning off of the optical
illumination. Two such cycles at five different values of VG
across the Dirac point are shown in Fig. 2(a). It is evident that
both the sign and magnitude of the photoresponse vary with
VG, and the latter is reversed on the opposite sides of the Dirac
point. On the negative side of the Dirac point, when graphene

Fig. 2 Transfer characteristics and photoresponse in the infra-red regime: (a) Transfer characteristics (R–VG) and photoresponse with light on–off
cycles at five different gate voltages. Note the change in the sign of the photoresponse as the gate voltage is swept through the Dirac point. (b) Gate
voltage dependence of the photoresponse (ΔR). The coincidence of the maxima with that of the derivative of the R–VG shows the photogating
effect. (c) Schematic of charge transfer and the photogating effect on both electron doped and hole doped regimes. (d) Time dependence of the
photocurrent (IP) at different photoexcitation (LED) powers (7.6, 27.7, 143.9, 379.5, 1079.2, 3776.7 and 7741.0 fW μm−2) in the light on–off experiment
(excitation wavelength = 920 nm at VG = −2 V). (e) Photocurrent (IP) as a function of photoexcitation power P for all the 4 wavelengths. The dotted
lines indicate IP ∝ P0.5.
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is hole-doped, the photoresponse is positive, i.e. the resistance
decreases on photoillumination, whereas the resistance
increases on photoillumination when graphene is electron
doped (positive side of the Dirac point). The variation in ΔR =
Ron − Roff over the entire range of VG is plotted in Fig. 2(b),
which shows a maximum change in the resistance of ∼100 Ω
(≈2%), and reverses the sign at the Dirac point (≈−7 V).

The photoresponse in the graphene–TeNW hybrids can be
readily explained by the photogating effect, which involves
physical separation of the photogenerated electrons and holes
by transfer of one of the charges to the graphene layer immedi-
ately upon formation. This charges up the absorber layer with
charge a density σ ∼ ητ(Pλ/hc) in the presence of optical exci-
tation, where η, τ, P and λ are the quantum efficiency, lifetime
of photogenerated electron–hole pairs, optical power and wave-
length of the excitation, respectively. The resulting shift in the
gate voltage manifests in the change in resistance, ΔR =
(dR/dVG)(dintσ/ε0εr), where dint is equivalent to the depletion
length scale at the graphene–TeNW interface. The observation
ΔR ∝ −dR/dVG (see Fig. 2(b)) establishes the photogating effect
in our case. Moreover, the negative proportionality also
implies that the TeNW layer is negatively charged, with the
transferring of holes to graphene.

The microscopic mechanism driving charge transfer can be
explained by the schematic shown in Fig. 2(c). During the for-
mation of the hybrid, electrons flow from TeNWs towards gra-

phene due to the interfacial potential drop (Fig. 1(e)), and
bend the bands upward in order to prevent the electron flow
indefinitely. Once the electron and hole pairs are generated by
optical illumination, this interfacial barrier will readily allow
the holes to crossover to graphene while retaining the elec-
trons in the TeNW layer, making it negatively charged. This
naturally explains the negative and positive signs of ΔR in the
hole and electron doped regimes, respectively.

Fig. 2(d) illustrates the variation in the photoresponse, in
terms of photocurrent IP = −VDSΔR/R2, as the photoexcitation
power is increased. IP increases sublinearly with P (Fig. 2(e))
with an exponent ∼0.5. Intriguingly, it can be noted from the
time cycles shown in Fig. 2(d) that, unlike graphene–MoS2

46 or
graphene–PbS quantum dot34 hybrids, the relaxation in IP on
switching the illumination on or off is exceptionally fast,
limited essentially by the speed of our measurement ∼300 ms
(see section S5 in the ESI† for more details). Apart from
suggesting a trap-free graphene–TeNW interface, this obser-
vation may also facilitate the construction of high speed IR
detectors, although the precise detection speed will require
further experimentation.

Fig. 3 summarizes the optoelectronic performance of the
graphene–TeNW hybrid device. Fig. 3(a) shows the photo-
responsivity γ = IP/(PA), (A = LW, L and W being the length and
width of the graphene channel respectively) as a function of
illumination power density. For all wavelengths, γ is enhanced

Fig. 3 Photoresponse figure of merit of the graphene–TeNW hybrid at 175 K: (a) Photoresponsivity (γ) for different photoexcitation wavelengths in
the IR regime. The maximum γ observed is as high as 106 AW−1. (b) Noise-equivalent power (NEP) as a function of P. (c) Specific detectivity (D*) as a
function of P for the same range of photoexcitation wavelengths. (d) Comparison of the specific detectivity (D*) using different IR
detectors.1,11,12,39–43 The shaded regime includes the results of our work with P = 60 fW μm−2.
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as P decreases. This has been observed previously, and has
been explained in terms of space charge generation and
reduction of the quantum efficiency of the device at high
power.22,34,47,48 This will limit the linear dynamic range to
P ≲ 50 fW μm−2 (for wavelengths λ < 1550 nm). Importantly,
the maximum γ can be as high as ∼106 A W−1, and seems to
depend weakly on the excitation wavelength for most values of
P in our experimental range. Remarkably, the high responsivity
could be achieved in spite of just ∼10% area coverage by the
nanowires which is significantly smaller than the coverage in
graphene–quantum dot hybrids,34 presumably due to an
enhanced contact area and hence the number of charge transfer
channels. The P-dependence of NEP and D* for the same wave-
lengths is shown in Fig. 3(b) and (c), respectively. While NEP
approaches the resolution of ∼10–100 photons within a band-
width of ∼1 Hz, the specific detectivity can be as large as
6 × 1013 Jones at low power levels. A comparison of the specific
detectivity (D*) of the graphene–TeNW hybrid with some of the
known high-sensitivity IR detectors is also compiled in Fig. 3(d).

The lifetime of the electron hole pairs (τ) can be estimated
from the known value of photoresponsivity γ. The external
quantum efficiency (ηext) is related to γ as ηext = γhc/λe, which is
again related to the internal quantum efficiency (ηint) as ηext =
ηintG, where G is known as the photoconducting gain. For γ ≈
106 A W−1 and λ = 920 nm, ηext is estimated to be ∼1.35 × 106.
From a known value of ηint reported before as ∼0.3,22 G is esti-
mated to be ≈4.5 × 106. Now, the transit time of the carriers

(τtransit) can be estimated as τtransit = L2/μVDS, where μ is
the mobility of the graphene channel. For L ∼ 2 μm, μ ∼ 0.6
m2 V−1 s−1 and VDS = 50 mV, τtransit comes out to be 1.33 × 10−10 s.
Finally, the relation G = τ/τtransit gives τ ≈ 5.99 × 10−4 s, which, as
per our expectation, is much longer than τtransit because of the
spatial charge separation at the graphene–TeNW interface.

We finally address the variation of photoresponse in our
hybrid devices with temperature. Fig. 4(a) shows the depen-
dence of γ for different NIR wavelengths (at fixed P = 600
fW μm−2) on T between 175 K and 280 K. The photocurrent
decreases with increasing temperature for all wavelengths.
γ becomes immeasurably small at a lower T (∼220 K) for the
longest photoexcitation wavelength (1720 nm) in our experi-
ment, but survives up to a maximum of ≈260 K for the shortest
wavelength (920 nm), suggesting that thermal fluctuations are
the key factors for the diminishing photoresponse with
increasing T. Indeed, an Arrhenius plot (Fig. 4(b)) of γ vs. T−1

indicates, within the experimental error, an activated behavior
of γ with activation energy ΔP ≈ 80 meV, irrespective of the
wavelength.

In order to explore the microscopic origin of this energy
scale, we have performed direct transport measurement on a
bare TeNW layer (without graphene), which was separately
grown on a cover slip (glass) substrate. Following an identical
metallization process (Cr/Au: 5 nm/50 nm) via shadow
masking, which defines the effective device length of
≈100 μm, the zero bias electrical resistance (Rw) was measured

Fig. 4 Temperature dependence of the photoresponse of the binary hybrid and electrical conductance of TeNWs: (a) Temperature dependence of
the photoresponsivity (γ) for different photoexcitation wavelengths at fixed P = 600 fW μm−2. (b) Arrhenius plot for the photoresponsivity (γ) of the
hybrid device. (c) Schematic of the bare TeNW device on the cover slip substrate along with the circuit diagram for the electrical measurements. (d)
Arrhenius plot for the temperature dependence of the resistance of the bare TeNW devices.
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using a two-probe technique (see schematic of Fig. 4(c)).
Multiple regions from the same planar ensemble of the
TeNWs on glass were measured to obtain overall in-plane
transport characteristics of the TeNW layer. Fig. 4(d) shows the
activated variation of Rw with T in four representative areas of
the ensemble at a higher T, which weakens at a lower T,
presumably due to an onset of variable range hopping-like
transport. Strikingly, the average activation energy of ∼75 meV
(dashed lines) closely agrees with the activation energy scale
ΔP from photoresponsivity measurements (Fig. 4(b)),
suggesting that the suppression of γ is closely linked to the
electrical conductance of the TeNW layer. This link can be
readily understood as leaking of photogenerated charge
through the source and drain electrodes because of increasing
conductance of the TeNW layer at higher T. The microscopic
origin of ΔP is not fully understood. Since ΔP ≪ TeNW band
gap (≈0.65 eV), this could represent an impurity band trans-
port through the acceptor levels in TeNWs,49 even though the
energy of these levels is larger than the observed ΔP, a renor-
malization at the nanoscale cannot be ruled out. Alternatively,
ΔP could also represent inter-wire hopping transport, which
has been shown50–52 to determine in-plane transport in the
ensemble of ultra-thin nanowires. The proximity to the sub-
strate and the nature of the functionalized ligand strongly
impact the hopping energy scales,51,52 which can also be
tuned to impede back-transfer of charge from graphene to the
TeNWs, thus enhancing the operating temperature of the
hybrid.

In summary, we have studied the near infra-red photo-
response in a graphene–TeNW binary hybrid over a range of
gate voltages and temperatures. These devices exhibit extre-
mely large photoresponsivity and, correspondingly, low noise-
equivalent power, in the wavelength range of ∼920–1720 nm.
The resulting specific detectivity exceeds that of the most
common (cooled) NIR photodetectors by nearly an order of
magnitude. While large area scalability with bulk production
of TeNWs53 and chemical vapour deposition of graphene22 are
clear advantages, the temperature effect on the photoresponse
shows a limited operating temperature range, which can be
addressed by further interface engineering.
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financial support. AP, JKM and KR also acknowledge CeNSE
(Centre for Nano Science and Engineering, IISc Bangalore) for
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