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materials and modulation method. There are only limited dem-
onstrations on the modulation of plasmonic resonance inten-
sity, such as surface redox chemistry [ 6 ]  and hydrogenation. [ 7 ]  
Identifying phase-change plasmonic materials that allow modu-
lation would make an important step toward next-generation 
reconfi gurable photonics and plasmonics devices. [ 8 ]  It could 
also provide an important platform to study nanoscale light–
matter interactions, [ 9 ]  especially when the modulations can be 
achieved at the single-particle level or at the nanometer length 
scale. 

 As an excellent thermoelectric material, [ 10 ]  Bi 2 Te 3  has 
attracted renewed research interest since its discovery as a 3D 
topological insulator. [ 11 ]  However, the most relevant applications 
of Bi 2 Te 3  are currently in thermoelectrics, [ 12 ]  and its 3D topo-
logical properties have largely remained as intellectual curiosi-
ties. We recently observed that Bi 2 Te 3  hexagonal nanoplates can 
support multiple surface plasmon modes in the visible range, 
and are motivated to explore the application of this material. [ 13 ]  

 In this study, we have demonstrated that the plasmonic res-
onances in Bi 2 Te 3  single-crystal nanoplates can be tuned in a 
wide spectral range by Se doping. Meanwhile, single-particle 
dark-fi eld scattering spectroscopy and transmission electron 
microscopy (TEM)-based electron energy loss spectroscopy 
(EELS) were used here to show that the phase change between 
the crystalline and amorphous states in this material can effi -
ciently control the intensity of the plasmon resonance. As 
opposed to collective response from an ensemble of particles, 
the phase change was observed at the nanoscale and at the 
single-nanoplate level. We further explored potential applica-
tions of this novel plasmonic material in energy harvesting 
and quantum-dot (QD) emission. The synthesized Bi 2 Te 3  nano-
plates were dispersed into a PEDOT:PSS fi lms to fabricate 
hybrid solar cells with planar n-type silicon (n-Si). The plasmon 
resonances of Bi 2 Te 3  in the visible range are found to strongly 
enhance the light absorption of silicon, resulting in a substan-
tial increase of the short-circuit current. A Bi 2 Te 3 -incorporated 
Si/PEDOT:PSS hybrid solar cell achieved a high photoconver-
sion effi ciency (PCE) of 12.1%, with an improvement of 30% 
as compared to that of 9.3% for the reference device. The plas-
monic effects of Bi 2 Te 3  were also applied to plasmon-enhanced 
emission of quantum dots. 

 Single-crystalline Bi 2 Te 3  nanoplates with a well-defi ned hex-
agonal shape were synthesized by the solvothermal method. [ 14 ]  
 Figure    1  a shows a scanning electron microscopy (SEM) 
image of the synthesized nanoplates, revealing a well-defi ned 
shape and a lateral dimensional dimension of 650 ± 200 nm. 
Atomic force microscopy (AFM) characterization (Figure  1 b) 

  Surface plasmons arising from collective oscillations of conduc-
tion electrons have attracted intense research interest due to 
their promising applications in on-chip subwavelength electro-
optical devices, [ 1 ]  sensing, [ 2 ]  and energy harvesting. [ 3 ]  The broad 
goal of research in plasmonic materials is to design materials 
and structures with a tunable plasmon response. Highly doped 
semiconductors can be used as tunable plasmonic materials 
in the near-infrared regime by controlling the doping level. [ 4 ]  
Another widely studied tunable plasmonic material is gra-
phene, which can sustain surface plasmon from far-infrared to 
mid-infrared regime. [ 5 ]  While the plasmon resonance energy 
can be easily tuned by size and shape engineering, effective 
control of the plasmon resonance intensity, especially in the vis-
ible range, is challenging due to the lack of suitable plasmonic 
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reveals that the Bi 2 Te 3  nanoplates have very fl at surfaces and 
an average thickness of 15 ± 5 nm. Figure  1 c shows a repre-
sentative TEM image of the hexagonal nanoplates, with ripple-
like patterns as a result of the strain in the ultrathin structure. 
Sharp diffraction spots are observed in the selected area elec-
tron diffraction (SAED) pattern (Figure  1 d(i)). High-resolution 
TEM (HRTEM) image (Figure  1 d(ii)) shows a hexagonal atomic 
arrangement with lattice spacing of 0.22 nm. The microscopy 
characterizations prove that the synthesized nanoplates are 
high-quality single-crystal Bi 2 Te 3 . The nanoplate composition 
was confi rmed by energy-dispersive X-ray (EDX) spectroscopy, 
yielding an elemental molar ratio of Bi to Te of ≈2:3, as shown 
in Figure  1 d(iii). 

  The plasmonic response of Bi 2 Te 3  nanoplates was investi-
gated using multiple techniques.  Figure    2  a shows the UV–
vis absorption spectra of the Bi 2 Te 3  suspension in isopropyl 
alcohol (magenta line), where broad and signifi cant absorp-
tion in the entire visible range is observed. To support surface 
plasmon resonances, the real part of the dielectric function ( ε  1 ) 
of the material must be negative. Previous reports show that 
the cross-over frequency (at which  ε  1  crosses zero) of Bi 2 Te 3  
is 1.6 eV, while the crossover frequency of Bi 2 Se 3  is 2.2 eV. [ 15 ]  
The signifi cant energy difference between the two compounds 
suggests a strategy to modulate the Bi 2 Te 3  plasmon resonance 
energy by Se doping. The samples were synthesized by the sol-
vothermal method and the value of  x  is determined with EDX 

(see Figure S1 in the Supporting Information). All the synthe-
sized nanoplates exhibit a uniform size distribution similar 
to that of Bi 2 Te 3  nanoplates. The doping effects were also evi-
denced by Raman spectroscopy (Figure S2, Supporting Infor-
mation), which showed a systematic shift of the low-energy 
phonon modes. The plasmon absorption peaks were revealed in 
the UV–vis spectra of a series of Bi 2 Se  x  Te 3−   x   samples. As shown 
in Figure  2 a, all the samples show a strong broad absorption 
peak due to plasmonic resonances. The peak is broad due to 
the multiple plasmon modes and the inhomogeneous size dis-
tribution of the nanoplates in the solution. More importantly, 
we observed a clear blue shift of the resonance energy from 
950 nm for  x  = 0 to 550 nm for  x  = 3, which is consistent with 
the shift of crossover frequency of  ε  1  from Bi 2 Te 3  to Bi 2 Se 3 . The 
plasmon resonance energy shift can be as wide as 400 nm after 
Se doping, which exceeds the range shown by novel plasmonic 
materials such as copper sulphide [ 4 a]  and tungsten oxide. [ 4 c]  

  Bi 2 Te 3  is well known as a phase-change material and a 
phase transition can be induced by various methods, including 
thermal treatment, laser illumination, and the application of 
an electric current. [ 16 ]  By employing the crystalline–amorphous 
phase change, we achieved effi cient modulation of its plasmon 
resonance intensity. The crystalline to amorphous phase change 
was realized by heating the sample at 390 °C for 3 min, fol-
lowed by fast cooling to room temperature. In contrast, recrys-
tallization could be achieved by slow heating/cooling process 
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 Figure 1.    Microscopy characterizations of Bi 2 Te 3  nanoplates. a) SEM image of the synthesized nanoplates. b) AFM images and corresponding height 
profi les of three typical nanoplates. Scale bar is 500 nm. c) TEM image of the nanoplates on a holey carbon support. d,i–iii) SAED pattern (i), HRTEM 
image (ii), and EDX spectrum (iii) of the synthesized nanoplates.
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to/from 250 °C. [ 16 ]  The corresponding changes in plasmon 
resonance were monitored by single-particle dark-fi eld spec-
troscopy. [ 17 ]  Figure  2 b shows the dark-fi eld scattering spectra 
of one typical Bi 2 Te 3  nanoplate after different thermal treat-
ments. Before heating, the pristine nanoplate showed plasmon 
resonance at ≈720 nm. After treatment at 390 °C, the plasmon 
peak intensity decreased by about 80% due to the amorphiza-
tion of Bi 2 Te 3  nanoplate. After recrystallization at 250 °C, the 
plasmon peak intensity was recovered to ≈75% of the original 
peak intensity. Similar observations were repeated for other 

Bi 2 Te 3  nanoplates when subjected to the same phase-change 
treatments (Figure S3, Supporting Information). The energy 
shift between the UV–vis spectra and the dark-fi eld scattering 
spectra is due to the difference in sampling an ensemble of 
nanoplates and a single nanoplate, respectively. 

 We further improved the resolution of our technique by 
using TEM–EELS to study the effects of the phase transition 
at the nanometer scale. Here, we intentionally identifi ed a 
Bi 2 Te 3  nanoplate with both crystalline and amorphous regions. 
Figure  2 c shows a TEM image of a crystalline nanoplate with 

Adv. Mater. 2016, 28, 3138–3144

www.advmat.de
www.MaterialsViews.com

 Figure 2.    Modulations of Bi 2 Te 3  surface plasmons. a) UV–vis spectra of Bi 2 Se  x  Te 3-   x   samples show a clear shift with Se doping. b) Dark-fi eld scattering 
spectra of a Bi 2 Te 3  nanoplate at the three different stages after thermal treatments. c) TEM image and EELS map of a Bi 2 Te 3  nanoplate with an amor-
phous corner, which is indicated by the red dashed line in the TEM image. EELS map was obtained by scanning a rectangular raster of pixels with the 
1 nm electron probe and mapping the EELS counts in each pixel using an energy window of 0.1 eV. d) EELS spectrum from the crystal corner (blue 
rectangle in the TEM image) and from the amorphous corner (red rectangle in TEM image).
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an amorphous corner. The different crystallinity was confi rmed 
by fast Fourier transform images, where no diffraction spot 
was observed in the amorphous corner, and six clear diffrac-
tion spots were observed in other part of the nanoplate (see 
Figure S4a,b, Supporting Information). Figure  2 d shows the 
corresponding EELS map of the same nanoplate, where sub-
stantial intensity loss at the amorphous corner compared with 
other corners is observed. The monochromated EEL spectra 
from the amorphous corner and from the crystalline corner are 
shown in Figure  2 d, clearly evidencing that the localized sur-
face plasmons are manifested only in the crystalline regions. 
The phase transition leads to an intensity loss of 86% from 
crystalline to amorphous. We also identifi ed a fully amorphous 
nanoplate where no obvious plasmon resonance was observed 
(Figure S4, Supporting Information). The ability to modu-
late the plasmon intensity at the single-particle level should 
have important relevance to future photonic and plasmonic 
applications. 

 Next, we studied possible plasmon-enhancement effects 
of the as-grown Bi 2 Te 3  in a Si/PEDOT:PSS solar cell, the 
latter being an emerging high-performance, low-cost pho-
tovoltaic technology. In a Si/PEDOT:PSS hybrid solar cell, a 
Schottky junction is formed at the interface between Si and 
the PEDOT:PSS fi lm. The difference between the work func-
tion of PEDOT:PSS and the conduction band of n-Si creates a 

built-in potential across the interface. Therefore, the generated 
charge carriers can be separated under the internal electrical 
fi eld, and holes are collected and transferred by PEDOT:PSS 
fi lm, while electrons go to the aluminum electrode directly. 
The PEDOT:PSS fi lm not only acts as hole-transportation layer, 
but also plays an important role in collecting and transporting 
the generated charge carriers since the silver-grid top electrode 
covers only 10% of the surface area. 

 In this study, the as-synthesized Bi 2 Te 3  nanoplates were 
blended with a PEDOT:PSS solution to form a composite, which 
was then spin-coated on planar n-doped Si to fabricate solar cells. 
 Figure    3  a shows a schematic illustration of the device struc-
tures. To optimize the performance of the Bi 2 Te 3 -incorporated 
Si/PEDOT:PSS solar cell, a series of test devices were prepared 
with different Bi 2 Te 3  weight percentages of 0, 0.44%, 0.52%, 
0.78%, 1.04%, and 1.30%, respectively. The performances of 
the fabricated devices were measured under illumination of AM 
1.5 with an intensity of 100 mW cm −2 , and the results are sum-
marized in Figure  3 b. It is clear that the device performance 
can be signifi cantly improved by incorporating Bi 2 Te 3  into the 
polymer fi lm. The PCE increases with increasing Bi 2 Te 3  weight 
fraction, reaching the highest value of 12.1 % with 1.04 wt% 
Bi 2 Te 3  added. However, further increase of the weight fraction of 
Bi 2 Te 3  to 1.3 wt% results in a deterioration of the performance. 
Only nanoplates that are close to the interface would contribute 
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 Figure 3.    Surface-plasmon-enhanced performance of a solar cell due to Bi 2 Te 3  incorporation. a) Schematic of the Bi 2 Te 3 -incorporated solar cell. 
b) Solar-cell PCE as a function of Bi 2 Te 3  concentration. c,d) Current-density–voltage ( J – V ) characteristics (c) and IPCE (d) of devices with (1.04 wt%) 
and without Bi 2 Te 3 .
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signifi cantly to the PCE. Initially added Bi 2 Te 3  nanoplates 
would increase the PCE due to their plasmonic effects. With 
the addition of excess Bi 2 Te 3 , light absorption and scattering by 
the nano plates far away from the interface would reduce light 
absorption in the Si and thus lower the overall PCE. [ 18 ]  

  Figure  3 c shows the current-density–voltage ( J – V ) charac-
teristics of devices with (1.04 wt%) and without Bi 2 Te 3 . The 
detailed photovoltaic properties are summarized in  Table    1  . 
The performance of the Si/PEDOT:PSS hybrid solar cell with 
Bi 2 Te 3  incorporated shows a signifi cant improvement in the 
short-circuit current density ( J  sc ), from 21.75 mA cm −2  to 
27.08 mA cm −2 , and the PCE was also much higher than that of 
the reference solar cell: 12.1 % compared to 9.3%. The increase 
of  V  oc  from 0.59 to 0.61 V is attributed to the increased Schottky 
barrier height due to introduction of Bi 2 Te 3  nanoplates, as 
observed from dark-current measurements (see Figure S4, 
Supporting Information). It is worth noting that the PCE we 
achieved here is comparable to the best performing inorganic–
organic (≈13%) solar cells in similar classes, obtained after opti-
mization of electrode morphology and contacts. [ 19 ]  

  To investigate the wavelength dependence of the PCE in 
the Bi 2 Te 3 -enhanced hybrid solar cells, the incident photon-
to-charge carrier effi ciency (IPCE) of the hybrid solar cells 
(Figure  3 d) was measured. A broadband enhancement of 
IPCE was observed for the Bi 2 Te 3 -incorporated solar cell, and 
there was a signifi cant enhancement in the visible range. We 
attribute the enhanced absorption effects to the plasmon reso-
nance in the Bi 2 Te 3  hexagonal nanoplates. Surface plasmon 
resonances strongly enhance local electric fi elds and may create 
electron–hole pairs and improve light absorption near the Si 
layer. [ 3 c]  Besides the plasmonic effect, light scattering by the 
geometrical Bi 2 Te 3  nanoplates can also enhance light absorp-
tion in Si, which can enhance IPCE in the short wavelength 
range (400–500 nm) away from the plasmon resonance energy. 
Such scattering-enhanced IPCE has been observed in metallic 
plasmonic nanostructures as well. [ 20 ]  

 The multiple plasmonic modes in Bi 2 Te 3  nanoplates affect 
the performance of the solar cell in two ways: fi rst, plasmonic 
light scattering increases the optical path length of incident 
light in the Si layer, which will result in more intense light 
absorption and excitons generation; second, the plasmon 
resonance enhances the optical–electrical fi eld concentra-
tion, which was observed in previous EELS mapping and 
also verifi ed by simulation in our previous study, [ 13 ]  and thus 
improves light absorption. Under the condition of plasmon 
resonance, the scattering cross-section of Bi 2 Te 3  nano-
plates can be many times its geometric cross-section. [ 3 a]  The 
stronger light absorption of the Si layer induced by the Bi 2 Te 3  
can contribute to the improved short-circuit current density 
of the Bi 2 Te 3 -incorporated solar cell. Plasmon resonance 

could also increase the exciton dissociation probability as a 
result of local fi eld enhancements. [ 21 ]  Higher exciton dissocia-
tion results in a lower recombination rate, which would lead 
to the higher  J  sc  and fi ll factor observed in the Bi 2 Te 3 -incorpo-
rated solar cell. 

 Another important application of surface plasmons lies 
in their ability to enhance the spectral properties of fl uoro-
phores. [ 22 ]  To investigate whether the surface plasmons of 
Bi 2 Te 3  nanoplates can undergo radiative coupling with an 
optically emissive system, we studied the plasmonic effect of 
a single Bi 2 Te 3  nanoplate on the fl uorescence of CdSe/ZnS 
QDs.  Figure    4  a shows the schematic illustration of the sample 
structures. CdSe/ZnS QDs were chosen because they have 
an emission peak at 610 nm, which overlaps with the surface 
plasmon energy of Bi 2 Te 3 , and a monolayer fi lm can be uni-
formly formed by self-assembly of these QDs (Figure  4 b). [ 23 ]  By 
manipulating the distance between the Bi 2 Te 3  nanoplate and 
CdSe/ZnS QDs with Al 2 O 3  as the dielectric spacer layer, the fl u-
orescence can either be quenched or enhanced. The enhance-
ment factor (EF) is defi ned as the ratio of  I  and  I  0  (EF = I / I  0 ), 
where  I  and  I  0  are the photoluminescence (PL) intensities of 
the CdSe/ZnS QDs monolayer with and without Bi 2 Te 3 , respec-
tively. Figure  4 c shows the PL intensity of QDs as a function 
of the thickness of the spacing layer. When the spacing layer 
is less than 10 nm, the fl uorescence of QDs is quenched. The 
maximum fl uorescence intensity is observed for QDs with a 
spacing layer of 20 nm, giving an EF of 3.8 (Figure  4 d). The 
PL of QDs is a result of the competition of nonradiative and 
radiative rate. When the distance between Bi 2 Te 3  and QDs 
is small (less than 10 nm in our case), nonradiative energy 
transfer from the QDs to Bi 2 Te 3  is dominant and leads to PL 
quenching. With increasing separation distance, the nonradia-
tive energy transfer is suppressed while absorption is enhanced 
due to local electric fi eld [ 24 ]  and the radiative rate is enhanced 
due to the Purcell effect, [ 25 ]  leading to an enhancement of the 
PL. Further increase of the thickness (>20 nm) of the spacing 
layer leads to a decrease of the PL enhancement because both 
the local electric fi eld and the Purcell effect become weaker. The 
enhancement of the PL by surface plasmon resonance is fur-
ther proved by lifetime measurements. The time-resolved PL 
decay spectra were fi tted with a biexponential function to derive 
the average lifetime. [ 23 ]  The inset of Figure  4 d shows the spacer-
thickness-dependent lifetime of the QDs. The shortest lifetime 
is associated with the largest PL intensity when the spacer layer 
is 20 nm. The spacer-dependent PL lifetime is consistent with 
a previous study using Au nanorods as the plasmonic mate-
rial. [ 23 ]  In the plasmonics hybrid system, the plasmon–exciton 
coupling leads to increased radiative rate, which increases 
the intensity and decreases the lifetime of PL. [ 26 ]  Regarding 
plasmon-enabled applications, the ability to tune the plasmon 
resonance of Bi 2 Te 3  with Se doping would further broaden the 
applications of this novel plasmonic material. 

  In conclusion, we have demonstrated that the visible 
surface plasmons resonances in Bi 2 Te 3  can be tuned in a wide 
range by Se doping. By employing the crystalline–amorphous 
phase transition, we achieved effi cient modulation of the 
plasmon resonance intensity at both single-particle level and 
at the nanometer scale. Taking advantage of the multiple 
plasmon modes in Bi 2 Te 3 , which affords broadband absorption 
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  Table 1.    Summary of the photovoltaic performance of solar cells with 
and without Bi 2 Te 3 .  

Device  V  oc  
[V]

 J  sc  
[mA cm −2 ]

Fill factor PCE 
[%]

Reference 0.59 21.75 0.72 9.3

With Bi 2 Te 3 0.61 27.08 0.73 12.1
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in the visible range, we have used it to modify the interface 
of a Si/PEDOT:PSS hybrid solar cell and achieved a PCE of 
12.1%, which represents an improvement of 30% for this 
class of solar cell. The capability of Bi 2 Te 3  in manipulating the 
emission of quantum dots is also demonstrated and a fourfold 
emission enhancement can be achieved. Our observations 
suggest that Bi 2 Te 3  nanoplates serve as a new class of tun-
able plasmonic material in the visible range and can be used 
to modulate nanoscale light–matter interactions in optoelec-
tronic devices.  
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