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ABSTRACT Recently, research on graphene based photodetectors has drawn

substantial attention due to ultrafast and broadband photoresponse of graphene.

However, they usually have low responsivity and low photoconductive gain induced by
the gapless nature of graphene, which greatly limit their applications. The synergetic
integration of graphene with other two-dimensional (2D) materials to form van der
Waals heterostructure is a very promising approach to overcome these shortcomings.
Here we report the growth of graphene—Bi, Te; heterostructure where Bi,Te; is a small
bandgap material from topological insulator family with a similar hexagonal symmetry
to graphene. Because of the effective photocarrier generation and transfer at the Si
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interface between graphene and Bi,Tes, the device photocurrent can be effectively enhanced without sacrificing the detecting spectral width. Our results

show that the graphene—nBi,Te; photodetector has much higher photoresponsivity (35 AW ™" at a wavelength of 532 nm) and higher sensitivity

(photoconductive gain up to 83), as compared to the pure monolayer graphene-based devices. More interestingly, the detection wavelength range of our

device is further expanded to near-infrared (980 nm) and telecommunication band (1550 nm), which is not observed on the devices based on

heterostructures of graphene and transition metal dichalcogenides.
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ithin the past few years, gra-
thene, a novel two-dimensional
(2D) material with a honeycomb

lattice, has drawn a large amount of interest
due to its extraordinary electrical and opti-
cal properties.’ The significant wavelength-
independent absorption and high carrier mo-
bility (highest up to 200000 cm? V' §71)2~*
in graphene makes it a promising candi-
date for the new generation of photonic
and optoelectronic devices, especially for
light detection purposes.”~’ The research
of graphene-based photodetectors has
achieved many impressive progresses be-
cause of their high response speed and
broad detecting spectral width, and they
show great potential to replace tradi-
tional llI-V semiconductor photodetection
devices. However, the gapless nature of
intrinsic graphene and limited light absorp-
tion in one atomic layer (ma = 2.3%) has
prevented the reported photodetectors from
exhibiting efficient photocarrier separation or

QIAO ET AL.

accumulation, which leads to the poor device
performance in terms of low photoresponsiv-
ity (@ few mA W) and low photoconductive
gain®1°

To overcome this shortcoming, many
efforts have been made. For example, band
gap opening is a direct solution, which can be
achieved by utilizing bilayer graphene'''?
and graphene nanoribbons."* Nevertheless,
such approaches have difficulties in the
fabrication process, repeatability and could
not guarantee better performance due to
the degradation of carrier mobility in
graphene.' On the other hand, the integra-
tion of graphene with other 2D materials
with a band gap, such as transition metal
dichalcogenides (TMDCs), appears to be a
more promising approach. In this respect,
photodetectors based on MoS,—graphene
or WSe,—graphene heterojunction have
achieved unprecedented performance in
terms of high responsivity and sensitivity
because of the synergistic marriage of these
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two 2D materials.’®~"” Furthermore, semiconducting
quantum dots (QDs) can be introduced as gain material
to hybridize with graphene for photodetectors, which
have demonstrated ultrahigh photoconductive gain.'®

However, the optical gap of 1—2 eV in TMDCs and
PbS QDs greatly limits their application for photo-
detection in the near-infrared (NIR) region, especially
telecommunication bands at around 1550 nm (0.8 eV).'**
To this point, another class of exotic 2D materials,
topological insulators, mainly Bi,Tes, Bi,Ses, Sb,Tes, which
normally have a very small band gap (0.15—0.3 eV) in the
mid-infrared range, would be a better choice.?"*

In this paper, we present an effective broadband
(from visible to infrared) photodetector based on
graphene—Bi,Te; heterostructure. Bi,Tes crystals are
typical layered materials via van der Waals interactions
with hexagonal unit cell similar to that of graphene.
The very small lattice mismatch allows large area
epitaxial growth of Bi,Tes nanocrystals on a graphene
template,?>** thus forming a new van der Waals
heterostructure with an atomic gapless interface, and
enabling effective transfer and separation of photo-
excited carriers. Another significant advantage of our
heterostructure device is that the small band gap of
Bi,Tes allows the detection for near-infrared wave-
lengths and telecommunication band. Using this het-
erostructure material for photodetection, not only can
we take advantage of the exotic properties of gra-
phene, i.e., ultrahigh carrier motilities, but we can also
effectively adopt the merits of Bi,Tes, i.e.,, enhanced
light-matter interaction as well as reduced recombina-
tion of photoexcited carriers. In comparison with pure
monolayer graphene-based devices, the graphene—Bi,Tez
heterostructure photodetector shows about 1000 times
higher responsivity (of the order of a few tens AW™")
and a high photoconductive gain (highest value
around 83). Moreover, our device has comparable
responsivity and gain at near-infrared (980 nm) and
telecommunication wavelength (1.5 um) with those
at visible wavelength (532 nm), attesting to the cap-
ability for broadband detection.

RESULTS AND DISSCUSSION

Figure 1a shows the schematic diagram of graphene—
Bi,Tes heterostructure, layered Bi,Tes crystals have a
rhombohedral crystal structure with similar hexagonal
symmetry to that of graphene, and each quintuple
layer (QL) in Bi,Tes is ordered in a Te—Bi—Te—Bi—Te
subsequence.? The plan view at the right side shows
the lattice matching of graphene and Bi,Tes in ideal
conditions. The hexagonal periodicity of Bi,Te; along
which the carbon atoms align in graphene is d = 4.385 A,
and the length of the C—C bond in graphene is ~1.42 A.
As a result, Bi,Tes has a small lattice mismatch of 2.7%
(0.125 A) with graphene, which is ideal for van der
Waals epitaxial growth.*2° Practically, the van der
Waals interface undergoes lattice relaxation, as usually
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encountered in heteroepitaxial growth of layered
materials.

Bi,Tes nanocrystals are epitaxially grown on mono-
layer graphene by chemical vapor deposition (CVD). As
shown in Figure 1b, a typical scanning electron micro-
scopy (SEM) image of the graphene—Bi,Tes hetero-
structure, the submicrometer Bi,Tes; nanoplatelets
were uniformly grown on the graphene substrate.
The random orientation of Bi,Tes nanoplatelets may
result from the polycrystalline nature of the graphene
film. The coverage and thickness of Bi,Te; nanoplate-
lets can be controlled via tuning the concentration of
seeds and growth time. Figure 1c shows a representa-
tive transmission electron microscopy (TEM) image
of graphene—Bi,Te; heterostructure; the hexagonal
shape of the Bi,Tes nanoplatelet (about 300 nm size)
can be clearly seen. The high-resolution TEM (HRTEM)
image (Figure 1d) shows hexagonal lattice fringes with
a lattice spacing of 0.21 nm, consistent with the spa-
cing of the (1120) planes of layered Bi,Tes. The selec-
tive area electron diffraction (SAED) pattern of the
corresponding area (shown in inset) exhibits a clear
pattern with hexagonal symmetry, confirming the
single crystalline nature of the material. It is found that
the Bi,Te; nanoplatelets grow along [1120] and [2110]
directions, with (0110) facets as the side surfaces and
(0001) facets as the top and bottom surfaces. The
thickness of the Bi,Te; nanoplatelets layer is found to
be around 30 nm using atomic force microscopy (AFM)
(see Figure S1 in Supporting Information), which is
desired for the observation of topologically conductive
surface state in this type of materials.'

Figure 1e shows a representative Raman spectrum
of the graphene—Bi,Te; heterostructure excited by a
514 nm laser. The characteristic Raman peaks of both
materials are clearly resolved. At the low frequency
region, there are three peaks at 59, 100, and 139 cm ™',
which are consistent with the A1g1, Egz, and A192
vibrational modes of Bi,Tes single crystals, respec-
tively. At the high frequency region, the two character-
istic peaks for graphene at 1580 cm™' (G-band) and
2700 cm™" (2D-band) are observed, corresponding to
the stretching of the C—C bond and a second-order
two-phonon process in sp? carbon systems, respec-
tively. The 2D peak of the pristine graphene was well
fitted by a sharp and symmetric Lorentzian peak with
full-width at half-maximum (fwhm) of 23.74 cm™',
which is consistent with the feature of single-layer
graphene.'®’>27 The optical absorption property of
graphene—Bi,Te; heterostructure was also investi-
gated, as shown in Figure 1f. It is obvious that com-
pared to pure graphene, the heterostructure material
has enhanced light absorption over a wide range of
wavelengths, which is essential for photodetection.

Figure 2a illustrates the configuration of the photo-
detector device based on graphene—Bi,Te; hetero-
structure. To create a built-in electric field to effectively
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Figure 1. Material characterizations of the graphene—Bi,Tes heterostructure. (a) Schematic of graphene—Bi,Te; hetero-
structure, 3D and top view. (b) SEM image of Bi,Te; nanoplatelets grown on graphene. (c) TEM image of Bi,Tes nanoplatelet
on graphene. (d) HRTEM image of the region marked by the red square in panel c. The yellow arrows indicate the crystal lattice
orientation. Inset: SAED pattern. (e) Raman spectrum of graphene—Bi,Te; heterostructure. Inset: Lorentzian fit of 2D peak of
graphene. (f) UV—visible to NIR absorption spectrum of graphene and graphene—Bi,Te; heterostructure.

lead out the photoexcited carriers, interdigitated elec-
trodes with different work functions were deposited as
the source and drain.® The detailed procedure of
device fabrication is presented in the Methods section.
Figure 2b shows the photocurrent results of two
different devices based on monolayer graphene and
graphene—Bi,Te; heterostructure without applying
the gate bias. The photocurrent of the graphene—
Bi,Te; heterostructure device is about 10 times
higher than that of the pure graphene device. More
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importantly, the heterostructure device demonstrates
broadband photoresponse from ultraviolet (UV), visi-
ble to NIR wavelength range, as shown in Figure 2c.
A peak photocurrent is observed at about 580 nm,
which may originate from relatively high power of
the light source at this particular wavelength. It should
be noted that a detectable current of about 0.5 #A can
be obtained at 1550 nm, which is the telecommunica-
tion C band. We also calculated the dependence of
responsivity and photoconductive gain on excitation
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Figure 2. Device characterizations of the graphene—Bi,Te; heterostructure. (a) Schematic of the heterostructure photo-
transistor device. (b) Dependence of photocurrent on source-drain voltage. The circles and triangles are experimental data,
while the red and blue lines are linear fit curves. (c) Photocurrent of the heterostructure device as a function of
photoexcitation wavelength (from 400 to 1550 nm). The green dots are experimental data, and the blue line is a guide to
eyes. (d) Energy band diagram of graphene—Bi,Te; heterojunction. The blue dots stand for the photogenerated electrons,
while red hollow dots stand for holes. (e) Drain current as a function of gate voltage with and without illumination. Source-
drain bias Vs p = 0.2V, excitation wavelength 1 = 532 nm. (f) Photocurrent as a function of gate voltage. This curve is calculated
from panel e. Inset: Energy diagrams of the heterostructure where Vg < Vp and Vg > V.

wavelength and the results are shown in Figure S6 in
Supporting Information. The optical response mea-
surements at specific wavelengths will be discussed
later.

To explain the highly enhanced photocurrent in
our new photodetector device, an energy diagram is
proposed to elucidate the transfer of photoexcited
carriers in graphene—Bi,Te; heterostructure, as shown
in Figure 2d. It is well-known that the Fermi level of
as-grown graphene samples are located below the
Dirac point because of the doping effect of substrates,
defects, water molecules and oxygen in air.?® In con-
trast, the as-grown Bi,Te; nanocrystals have an n-type
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bulk state due to Te vacancies,?®>3° and its Fermi level

locates above the bottom of bulk conduction band.3'
As a result, a Schottky-like junction forms at the inter-
face of graphene and Bi,Te; as the electrons from
Bi,Tes will be injected into graphene. Thus, the direc-
tion of band bending arises from Bi,Tes to graphene,
similar to a semiconductor—metal contact. Driven by
the built-in electrical field, photoexcited electrons in
graphene can move into the conduction band of Bi;Tes
upon light illumination, while photogenerated holes
remain at the valence band of graphene. On the other
hand, Bi,Tes can also absorb light and create electron—
hole pairs. Electrons will be trapped inside Bi,Te;
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because of the energy barrier, while holes can be
injected to the valence band of graphene. Conse-
quently, recombination of photogenerated carriers
can be suppressed effectively and the number of
majority carriers (holes) in graphene can be increased,
which in turn gives rise to a larger photocurrent in the
device based on these heterostructure.

To further characterize graphene—Bi,Te; hetero-
structure device, we investigate the gate dependent
photoelectrical performance, as shown in Figure 2e.
The minimum drain current occurs when the gate
voltage is 37 V, corresponding to the charge neutral
point (similar to Dirac point in graphene, i.e., Vp =37 V).
This suggests that the graphene—Bi,Tez heterostruc-
ture is still p-type doped even though the carrier
injection from Bi,Te; is supposed to weaken the dop-
ing effect in graphene caused by the silicon substrate.
Enhancement of light-induced drain current is clearly
observed when certain back gate bias is applied
(Figure 2e) and the corresponding photocurrent as a
function of gate voltage V¢ is depicted in Figure 2f.
The carrier transport is hole-dominated for Vg < Vpand
electron-doped for Vs > Vp. The photocurrent rises
with increasing gate voltage when Vg < Vp and a peak
is observed at the charge neutral point, then the
photocurrent slightly declines when gate voltage in-
creases (Vg > Vp). This can be well explained by the
energy diagram (Figure 2f). For Vg < Vp, graphene is
hole-doped; increase of gate voltage shifts the Fermi
energy in graphene to a higher level which facilitates
the injection of more holes from Bi,Tes to graphene,
resulting in the enhancement of photocurrent until it
reaches the maximum value at the charge neutral
point. For Vg > Vp, the Fermi level of graphene is
shifted to above the Dirac point, and the majority
carriers change from holes to electrons which does
not change the polarity of photocurrent. In this case,
the injection of photoexcited electrons from Bi,Tes to
graphene becomes the dominating mechanism of
photocurrent generation. As the increasing gate volt-
age continues to shift the Fermi level in graphene
upward, the built-in electric field caused by the hetero-
junction becomes smaller, so fewer electrons can be
transferred to graphene, leading to a slight decrease in
the photocurrent. In addition, it is noted that the rate of
decrease in photocurrent in the n-type region is lower
than the rate of increase in the p-type region; this may
be attributed to the difference in the rate of change of
photoconductivity in these two regions. The rate of
change in photoconductivity Ao, for n-type region
and Aoy, for p-type region can be formulated by Ao, =
q+An-u,and Ao, =q- Ap-up, where g is the charge for
electrons, An and Ap are the carrier concentration of
electrons and holes, respectively, and u,, and u, repre-
sent the electron and hole mobility, respectively. As
indicated by the transfer curve of Figure 2e, the
electron mobility u, is lower than the hole mobility
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Upr consequently, we can get Ao, < Ao, (considering
that An and Ap are the same).

With the aim to demonstrate the capability of broad-
band detection and high sensitivity of our device, a
series of photoelectric measurements were performed
at different specific wavelengths. First, we study the
device response under illumination of a visible light
source (532 nm). Figure 3a shows the device response
to pulsed light at an optical pumping of 115 uW. The
photocurrent of the graphene—Bi,Tez heterostructure
device can be effectively switched on and off while the
light source is turned on and off. A steady photocurrent
of about 170 uA can be measured at the on state. A
rising time of about 8.7 ms (see Figure S3 in Supporting
Information) suggests a relatively fast photoresponse.
The illumination power dependence is also studied
and the results are shown in Figure 3b. The photo-
current increases nonlinearly as the incident power is
turned up from 6 uW, while the corresponding photo-
responsivity decreases exponentially with increasing
power. Increase in the photoexcited carrier concentra-
tion caused by higher incident power produces an
electrical field opposite to the built-in field at the
junction between graphene and Bi,Tes, which will
hamper the separation and transport of photogener-
ated electron—hole pairs. On the other hand, unoccu-
pied states in the valence band of graphene decreases
as the power intensity increases.'® Moreover, this effect
may also be related to the trap states in graphene or
between graphene and the SiO, substrate, similar to
the situation of single layer MoS, phototransistor.>?

We further measured the optical response of the
heterostructure device under illumination of NIR light
at 980 and 1550 nm. Figure 3c shows photocurrent
curves dependent on source-drain bias which was
measured under illumination of 980 nm light at differ-
ent incident powers. The photoresponse is also inves-
tigated at the telecommunication band of 1550 nm, as
shown in Figure 3d. The photocurrent can be effec-
tively turned on and off, and can be modulated by
different light powers, similar to the case measured
under visible light. To further investigate the device
performance at different excitation wavelength, we
calculated the photoresponsivity and photoconduc-
tive gain at visible and NIR illumination respectively
and put them in comparison, as shown in Figure 3e/f.
From Figure 3e, we can find that the highest photo-
responsivity at visible region (532 nm) is determined to
be about 35 AW~ at an excitation power of 1.28 uw,
which is, by magnitude, 1000 times larger than that of
devices based on pure monolayer graphene.?233 The
responsivity obtained under NIR light (980 nm) is also
large enough (i.e., almost 10 A W™'). However, the
responsivity measured at telecommunication band
(1550 nm) is relative low, probably caused by the low
excited photon energy. To further understand the photo-
sensitivity of our heterostructure photodetector,
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Figure 3. Photoelectric measurements under visible and NIR light illumination. (a) Time-dependent photocurrent excited by
pulsed light at 532 nm. The excitation power is 115 uW, source-drain bias Vs p = 1 V. (b) Dependence of photocurrent and
photoresponsivity on incident light power (at 532 nm). The black and blue dots are original data; the blue line is exponential
fit, while black line is just a guide to eyes. (c) Photocurrent as a function of source-drain bias under the illumination of 980 nm
laser with different power. (d) Time-dependent photocurrent excited by pulsed light at 1550 nm with different incident
power. (e) Device photoresponsivity as a function of incident power at 532, 980, and 1550 nm, respectively. (f) Device
photoconductive gain as a function of incident power at 532, 980, and 1550 nm, respectively.

we calculate the photoconductive gain of the device.
The definition of photoconductive gain of a photo-
conductive device is the numbers of photoexcited
carriers generated by per absorbed photons and per
unit time, and can be expressed as G = (lpn/ep(4)) =
((Ion x hV)/(P()e) =R x (hc/%e).>* 3 The photoconduc-
tive gain is linearly correlated with the photoresponsiv-
ity, and the corresponding results are shown in Figure 3f.
It is found that the dependence of photoconductive
gain on incident power is similar to that of responsivity
at each specific wavelength. The highest photoconduc-
tive gain is calculated to be 83 with the excitation of
532 nm light, indicating as many as 83 photoexcited
carriers generated by per absorbed photon.

QIAO ET AL.

To identify the role of Bi,Tes in photocurrent gen-
eration, we performed Raman and photocurrent map-
ping measurements on graphene—Bi,Te; hetero-
structure device, as shown in Figure 4. The optical
image of heterostructure device with interdigital elec-
trodes is shown in Figure 4a. Figure 4b shows the
Raman image integrated with the characteristic peaks
of Bi,Te; (from 50 to 250 cm™ ") and Figure 4c shows
the Raman image integrated with the Si peak at
521 cm™". It is clearly seen that the regions with the
strongest Si signal (outlined by dashed black lines in
Figure 4c) correspond to the regions with lowest Bi,Tes
signal (outlined by dashed black lines in Figure 4b).
This is because Bi,Tes nanoflakes are not uniformly
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Figure 4. Raman and photocurrent image of graphene—Bi,Te; heterostructure device. (a) Optical image of the measured
device; the area inside the red box is the scanned area. Inset: Optical image at a lower magnification. (b) Raman map by
integrating the peaks from 50 to 250 cm™' of Bi,Tes. (c) Raman map by integrating Si peak at 521 cm ™. (d) Scanning
photocurrent mapping results of the graphene—Bi,Te; heterostructure device. The amplitude of the measured photocurrent
is represented by different colors as depicted by the scale bar.

distributed during the growth. Figure 4d shows the
distribution of the photocurrent over the whole scan-
ning area. By correlating the local materials distribution
with the photocurrent mapping image, it is found that
the photocurrent is significantly higher in Bi,Tes-rich
areas (red region in Figure 4b). In contrast, the photo-
current is reasonably low in areas without Bi,Tes (red
region in Figure 4c). It is interesting to see that part
of the interface between these two phases exhibits
enhanced photocurrent generation (red region along
the dashed black lines in Figure 4d). On the basis of
these observations, it is concluded that Bi,Te; nano-
platelets play an important role for the photocurrent
enhancement in the graphene—Bi,Tes heterostructure
device.

METHODS

Synthesis and Characterization of Graphene—Bi,Te; Heterostructure
Material. Graphene films were grown on 25 um thick copper
foils (Alfa Aesar, item no. 13382) in a typical CVD system.?” Bi,Te;
nanoplatelets were produced by physical vapor deposi-
tion method in a separate tube furnace. Bi,Tes powder (Alfa
Aesar, purity: 99.999%) was placed in the center of the furnace
(about 500 °C) as the source material for evaporation. The
graphene/SiO, substrates were then placed in the region with

QIAO ET AL.

CONCLUSION

In summary, we have demonstrated a highly effec-
tive photodetector based on graphene—Bi,Tes hetero-
structure system. By combining the unique properties
of graphene and Bi,Tes, the device not only shows
greatly enhanced responsivity (of the order of a few
tens A W™') and an ultrahigh photoconductive gain
(up to 83), but also has the capability for broadband
photodetection from visible to NIR wavelengths. This
work proves that efficient electronic coupling of gra-
phene with another small band gap 2D material will
achieve superior performance compared to pure gra-
phene based devices, thus opening new pathways for
other optoelectronic functionalities or energy-harvest-
ing applications.

a temperature range of 290—360 °C. Argon was used as the
carrier gas to transport the Bi,Te; vapor onto the graphene
films.

The morphology of the graphene—Bi,Te; heterostructure
was investigated in SEM (FEI Quanta 200 FEG, acceleration
voltage: 5—30 kV) and the microstructure was investigated in
TEM (FEI Tecnai F30, acceleration voltage: 200 kV).

Fabrication of Graphene—Bi,Te; Heterostructure Devices. The
photodetector devices were fabricated on highly doped n-type
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silicon wafer with 300 nm oxidization layer. A typical device
fabrication process includes UV lithography to define the device
pattern, and electron-beam evaporation to deposit titanium
and gold electrodes. The electrodes are asymmetric, the source
is Au (100 nm) and the drain is Ti/Au (50 nm/50 nm). To avoid the
damage to Bi,Te; nanoplatelets and reduce contaminations
during the fabrication process, Bi,Te; nanoplatelets were epi-
taxially grown on intrinsic graphene after device fabrication.

Optoelectronic Measurements. Photoelectric measurements at
visible wavelength range was performed at room temperature
in ambient conditions using a probe station (Cascade M150)
equipped with a semiconductor property analyzer (Keithley
2400). Photoelectric measurements at NIR region were carried
out on an optical microscopy platform (Nea Spec) which could
couple and focus IR light onto a desired location of the sample.
The devices were wire-bonded prior to electrical measure-
ments, and a double channel source-meter (Keithley 2614B)
was used to collect the electrical signals. The Raman spectrum
and photocurrent mapping measurements were conducted on
a microconfocal-Raman system (WITec alpha 300R) which is
described in Supporting Information.
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