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Abstract 

Two-Dimensional Semiconductor Optoelectronics 

By 

Matin Amani 

Doctor of Philosophy in Engineering – Electrical Engineering and Computer Sciences 

University of California, Berkeley 

Professor Ali Javey, Chair 

 

 A fundamental figure of merit for high performance optoelectronic devices is their 
photoluminescence (PL) quantum yield (QY). This value, which accounts for the fraction 
of absorbed photons are re-emitted by the material governs the ultimate performance of 
optoelectronic devices such as light emitting diodes, photodetectors/photovoltaics, and 
solar cells. Two-dimensional (2D) semiconductors have emerged as a promising material 
system for high-performance optoelectronic and electronic applications. This class of 
materials possess out-of-plane van der Waals bonding, and as a result has naturally 
terminated surfaces, even when the material thickness is scaled to the monolayer limit. As 
a result, surface recombination, a dominant non-radiate pathway in most materials, can be 
mediated due to the naturally terminated surfaces of van der Waals materials. This offers a 
potentially pathway to enable near-unity PL QY at the monolayer limit.  

Despite this, the room-temperature PL QY for most monolayer 2D semiconductors 
is extremely poor. The prototypical 2D material, MoS2 has a maximum QY of 0.6% which 
indicates a considerable defect density. In the first section of this thesis we will address 
approaches of obtaining 2D materials with high PL QY, primarily focusing on an air-stable 
solution-based chemical treatment by an organic superacid which uniformly enhances the 
photoluminescence and minority carrier lifetime of MoS2 monolayers by over two orders 
of magnitude. The treatment defect-mediated non-radiative recombination pathways, thus 
resulting in a final QY of over 95% with a longest observed lifetime of 10.8±0.6 
nanoseconds. This treatment methodology was also extended to other 2D semiconductors 
such as WS2 as well as scaled to large area films prepared by chemical vapor deposition.  

Leveraging 2D materials with high brightness, the second section of this work will 
then discuss the development of light emitting devices. Firstly, we discuss the development 
of a transient electroluminescent device structure for use with monolayer 2D materials. 
One of the primary challenges for 2D materials scaled down to the monolayer limit has 
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been the efficient simultaneous injection of electrons and holes. To overcome this crucial 
limitation, I will discuss the development of a device which uses a single metal-
semiconductor contact and a gate. Utilizing an AC potential applied to the gate, this device 
achieves electron and hole injection via tunneling. This results in excess electrons and holes 
present during the AC transient, which subsequently recombine to emit light. This device 
is then combined with the passivation methodologies presented in the first section of this 
thesis. Next, I will demonstrate light emitting diodes based on black phosphorous (bP). 
Unlike the majority of 2D semiconductors which are direct gap only at the monolayer limit, 
bP maintains a direct gap over all thickness. Moreover, this bandgap is thickness tunable 
and can be varied from 1.8 eV for a monolayer down to 0.3 eV for thick films. This property 
is directly leveraged to fabricate devices with an emission wavelength which can tuned 
over range of 960 µm to 4.1 µm with external quantum efficiencies as high as 4.4% at room 
temperature. Notably, bP LEDs offer high performance for emission at infrared 
wavelengths where the quantum efficiency traditional III-V and II-VI LEDs are limited by 
auger recombination. The final section of this work I will discuss the development of 
infrared detectors based on 2D semiconductors.  
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Chapter 1 

Introduction 
 

Two-dimensional (2D) materials, particularly transition metal dichalcogenides 
(TMDCs), have been the subject of a large amount of research interest over the past several 
years for both electronic and optoelectronic applications.1,2 Unlike graphene, which is a 
semimetal at the monolayer limit,3 TMDCs have direct optical bandgaps in the range of 
0.8 to 2.0 eV,3-6 enabling their use as effective devices for both switching and light 
emission/detection. In addition, TMDCs can offer new functionalities over 3D 
semiconductors, such as their ability to form heterostructures free of lattice matching 
constraints7 and tunable operation through the application of electric field and strain.8,9 
Valley and spin-based physics which exist in monolayers of these materials can also lead 
to a new classes of devices.10,11 Tremendous progress has been made in the growth of 
electronic quality graphene on the wafer scale12 as well as roll-to-roll growth13 for use as 
transparent conductors. More recently research groups have been investigating techniques 
to grow TMDC films.14 Numerous research groups have demonstrated the growth of 
various TMDCs, including MoS2, WS2, and WSe2.15-17  

The passivation of interfaces has been heavily investigated in all semiconductors. 
To realize high performance silicon transistors, the Si/SiO2 interface is annealed in forming 
gas. This allows hydrogen to passivate dangling bonds and results in an improved 
subthreshold swing and reduced hysteresis.18 In GaAs, double-heterostructures (using an 
AlGaAs cladding layer) are utilized to create a virtual defect-free interface.19,20 Similarly, 
interfacial passivation is a requirement for 2D materials, which is partially mediated due 
to the natural self-termination of the 2D lattice at the surface, resulting in no dangling 
bonds.  

The ability to mitigate the effect of defects within TMDCs is a crucial prerequisite 
to the realization of high-performance devices. Electronic devices such as MOSFETs, 
where the conduction mechanism is driven by majority carriers, are susceptible to defects. 
In MOSFETs, defects contribute to the interface states (DIT), increasing the subthreshold 
swing.19 In proposed technologies for sub-60 mV/decade switches, such as tunnel 
transistors (TFETs), defects contribute to sub-band gap states that result in a parasitic 
current pathway when the transistor is in the off-state, limiting the subthreshold swing and 
severely degrading the on/off ratio.20 For optoelectronic devices where the operation is 
based on minority carriers, non-radiative recombination centers and pathways result in 
fewer photons being emitted from the device than excited states generated through either 
optical or electrical pumping. Hence, the removal of these non-radiative pathways in 
optoelectronic devices translate into a lowering of the efficiency for light emitting diodes 
(LEDs) and an increase in the threshold current for solid-state lasers.21 An effective way to 
evaluate semiconductor quality is to study the photoluminescence (PL) quantum yield 
(QY), which is a ratio of the number of photons which a material emits compared to the 
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number of photons absorbed. In chapter two, I will demonstrated that treatment using the 
organic superacid bis(trifluoromethane)sulfonamide (TFSI), resulted in a PL QY near 
100% in exfoliated MoS2 and WS2 monolayers, as large area films prepared via chemical 
vapor deposition. The third chapter of this thesis will address the practical use of 2D 
semiconductors with high photoluminescence quantum yields. Realization of light emitting 
devices requires the simultaneous injection of both electrons and hole, however this has 
been a notable challenge in monolayer semiconductors, due to difficulties in forming ohmic 
contacts to both carriers on the same device. To overcome this limitation, a transient 
electroluminescent device is proposed and demonstrated. Here an alternating gate electric 
field is used to rapidly change the accumulated carriers in the semiconductor. Critically, 
carriers of opposite polarities simultaneously enter and leave the device via tunneling 
during transients facilitated by dramatic band bending and Schottky barrier thinning, 
resulting in light emission. Additionally, chapter three will discuss infrared light emission 
and detection using 2D semiconductors. Most infrared light sources operating in the mid- 
and long-wave infrared are based on thermal emitters, which have poor efficiency, limited 
brightness, and speed. Despite the drawbacks these devices are applied towards a variety 
of applications most notable of which is spectroscopy. Infrared LEDs can provide high 
speed, brightness, and narrow spectral emission, but tend to have poor quantum efficiency 
due to the high auger recombination velocities in narrow gap III-V and II-VI 
semiconductors (i.e. InSb or HgCdTe). Chapter three will discuss the utilization of black 
phosphorous, a 2D semiconductor where the bandgap can be tuned from 0.3 to 1.8 eV via 
thickness as a potential material for efficient infrared LEDs.  

Finally, chapter four will discuss the potential of several 2D material systems for 
their use in infrared photodetectors. The majority of today’s commercially available, high 
performance IR photodetectors are made using III-V and II-VI absorbers, for example, In1-

xGaxAs, InSb, and Hg1-xCdxTe. While significant progress has greatly increased their 
application, several drawbacks limit wider utilization of IR photodetectors. Most notably, 
these devices typically rely on expensive growth methods and require active cooling to 
reduce thermal noise. The latter is particularly crucial for narrow bandgap absorbers 
operating in the mid-wave infrared (MWIR, 3-5 μm) and long wave infrared (LWIR, 8-12 
μm) spectral bands where cryogenic cooling is typically required to achieve high 
performance. Two-dimensional materials can be thinned with no detrimental effects from 
surface dangling bonds. This advantage is particularly important in infrared detectors 
where thin absorbers can reduce noise resulting from generation-recombination, a strategy 
which is often not permitted in traditional semiconductors due to surface recombination. 
Furthermore, the ability for 2D materials to be stacked with no lattice matching constraints 
also enables the free formation of heterostructure devices. Utilizing these key advantages 
photodetectors operating in the mid-wave infrared at room temperature with a peak specific 
detectivity of 6×1010 cm Hz1/2 W-1 are demonstrated. 
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Chapter 2 

High photoluminescence quantum yield in 2D semiconductors 

 

2.1 – Near-unity quantum yield in monolayer MoS21 

 

Monolayer transition metal dichalcogenide (TMDCs) have properties that make 
them highly suitable for optoelectronics1,2, including the ability to form “van der Waals 
heterostructures” without the need for lattice matching3,4, circular dichroism arising from 
the direct band gap occurring at the K and K' points of the Brillouin zone5, and widely 
tunable band-structure through the application of external forces such as electric field and 
strain6. Unlike III-V semiconductors, the optical properties of TMDCs are dominated by 
excitons with strong binding energies (on the order of 300 meV)7-9 and large radii (~1.6 
nm)10. However, TMDCs have exhibited poor luminescence quantum yield (QY); i.e. the 
number of photons the material radiates is much lower than the number of generated 
electron-hole pairs. QY values ranging from 0.01% to 6% have been reported, which 
indicate a high density of defect states and mediocre electronic quality11-13.  

Two-dimensional (2D) monolayers are amenable to surface passivation by chemical 
treatments. We studied a wide range of chemical treatments and demonstrate an air-stable, 
solution-based, process using an organic superacid that removes the contribution of defect-
mediated non-radiative recombination that acts on electronically active defect sites by 
uniformly passivating them, repairing them, or both. The photoluminescence (PL) in MoS2 
monolayers increased by over two orders of magnitude, resulting in a QY > 95% and a 
characteristic lifetime of 10.8±0.6 nanoseconds at low excitation densities.  

In this study, MoS2 monolayers were treated by a non-oxidizing organic superacid: 
bis(trifluoromethane)sulfonimide (TFSI). Superacids have a Hammett acidity function 
(H0) that is lower than pure sulfuric acid, and are strong protonating agents. Details of the 
sample preparation and treatment procedure are discussed in section 2-5. The PL spectra 
of a MoS2 monolayer measured before and after TFSI treatment  (Fig. 2-1-1A) show a 
190× increase in the PL peak intensity. The magnitude of the enhancement depended 
strongly on the quality of the original as-exfoliated monolayer14. PL imaging of a 
monolayer (Fig. 2-1-1B, 2-1-1C)14 taken before and after treatment at the same 
illumination conditions shows that the enhancement from the superacid treatment is 
spatially uniform.   

 

 

                                                           
1Reproduced with permission from M. Amani, D.-H. Lien D. Kiriya et al., Science, 350, 
1065-1068, 2015. Copyright © [2015] AAAS. 
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Fig. 2-1-1. Enhancement of photoluminescence by chemical treatment. (A) PL 
spectrum measured for both as-exfoliated and TFSI treated MoS2 monolayers measured at 
an incident power of 1×10-2 Wcm-2. (B) and (C) PL image of a MoS2 monolayer (insert 
shows optical micrograph) before (B) and after treatment (C).  

 

Fig. 2-1-2. Steady-state luminescence. (A) Pump-power dependence of the integrated 
photoluminescence for as-exfoliated and treated MoS2; dashed lines show power law fits 
for the three dominant recombination regimes. (B) Pump-power dependence of the QY for 
as-exfoliated and treated MoS2; dashed lines show the recombination model. 
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Calibrated steady-state PL measurements14 showed that the spectral shape of the 
emission remained unchanged over a pump intensity dynamic range of six orders of 
magnitude (10-4 to 102 W cm-2)14. From the pump-power dependence of the calibrated 
luminescence intensity (Fig. 2-1-2A) we extracted the QY (Fig. 2-1-2B). As-exfoliated 
samples exhibited low QY with a peak efficiency of 1% measured at 10-2 Wcm-2. The 
absolute efficiency12,13 and observed power law13 are consistent with previous reports for 
exfoliated MoS2. After TFSI treatment, the QY reached a plateau at low pump intensity 
(<10-2 Wcm-2) with a maximum value greater than 95%. The near-unity QY suggests that 
within this range of incident power there was negligible non-radiative recombination 
occurring in the sample. Although pure radiative recombination is commonly observed for 
fluorescent molecules that inherently have no dangling bonds, only a few semiconductors, 
such as GaAs double heterostructures15 and surface passivated quantum dots16, show this 
behavior at room temperature. 

At high pump-power, a sharp drop-off in the QY was observed, possibly caused by 
non-radiative biexcitonic recombination. We consider several models to understand the 
carrier density–dependent recombination mechanisms in MoS2 before and after TFSI 
treatment. Here, n and p are the 2D electron and hole concentrations respectively. At high 
level injection, the dopant concentration is much less than the number of optically 
generated carriers, allowing n = p. The traditional interpretation without excitons17, invokes 
a total recombination, R, as: 32 CnBnAnR ++= , where A is the Shockley-Reed-Hall (SRH) 
recombination rate, B is the radiative recombination rate, and C is the Auger recombination 
rate. The QY is given as the radiative recombination over total recombination. Auger 
processes dominate at high carrier concentrations, while SRH recombination dominates at 
low carrier concentrations. In the SRH regime (i.e., low pump-power), QY increases with 
pump intensity. This behavior, however, was not observed in previous MoS2 studies12,13 
nor in this work.  

The standard model poorly describes our QY data14, which is strongly influenced 
by bound excitons9. As a result, the radiative rate is proportional to the total exciton 
population, N 18. At high exciton densities, a two  body non-radiative recombination 
pathway is observed, which can be attributed to a bimolecular process recombination since 
the recombination is proportional to 2N .  This is likely a result of biexcitonic 
recombination, although further experiments are required to confirm this. 
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Fig. 2-1-3. Time-resolved luminescence. (A) Radiative decay of an as-exfoliated MoS2 
sample at various initial carrier concentrations (n0) as well as the instrument response 
function (IRF). (B) Radiative decay of a treated MoS2 sample plotted for several initial 
carrier concentrations (n0) as well as the IRF. (C) Effective PL lifetime as a function of 
pump-fluence; the dashed line shows a power law fit for the dominant recombination 
regimes. 

 

 
Fig. 2-1-4. Band-edge Sharpness. Band edge tails extracted from the PL spectrum using 
the van Roosbroeck-Shockley equation, showing the improvement of the Urbach 
parameter; the insert shows a spatial map of the Urbach parameter for a TFSI treated 
sample. 

  



8 
 

Time-resolved measurements were performed on both as-exfoliated and chemically 
treated samples to investigate the carrier recombination dynamics. The luminescence decay 
was non-exponential, but not in the standard form known for bimolecular (Bn2) 
recombination (Eq. 1)17. As-exfoliated monolayers of MoS2 had extremely short lifetimes 
on the order of 100 ps (Fig. 2-1-3A)14, which is consistent with previous reports18. After 
treatment, we saw a substantial increase in the lifetime, which is shown at several pump-
fluences in Fig. 2-1-3A. Fitting was performed with a single exponential decay that only 
described the initial characteristic lifetime for a given pump intensity. After the pump-
pulse, the exciton population decayed, which resulted in non-exponential decay through 
reduced non-radiative biexcitonic recombination. At the lowest measurable pump-
fluences, we observed a luminescence lifetime of 10.8±0.6 nanoseconds in the treated 
sample, compared to ~0.3 ns in the untreated case at a pump-fluence of 5×10-4 μJcm-2 (Fig. 
2-1-3C).  The contrast between Fig. 2-1-3, A and B, is consistent with the QY trend.  

 

Urbach tails, which depict the sharpness of the band edges22, were derived from the 
steady-state PL spectra via the van Roosbroeck–Shockley equation, and are plotted in Fig. 
2-1-4. After the treatment, a noticeable decrease in the Urbach energy, E0, from 17.4 to 
13.3 meV was observed, indicating a reduction in the overall disorder from potential 
fluctuations and improved band edge sharpness22. A spatial map showing Urbach energy 
(Fig. 2-1-4)14 further indicates that the treatment was highly uniform. The QY in air for 
chemically treated MoS2 was measured daily over the course of 1 week at a constant pump-
power to evaluate stability, during which the sample was stored without any passivation in 
ambient lab conditions (20° to 22°C, 40 to 60% relative humidity) as shown in Fig. 2-1-
514. The QY remained above 80% during this period of time indicating that the treatment 
created samples that were relatively stable.  

We now turn our attention to the effect of TFSI treatment on other properties of 
MoS2. The monolayer surface was imaged by atomic force microscopy (AFM) before and 
after treatment (Fig. 2-1-6A) from which no visible change to the surface morphology is 
observed. The effect of the treatment on the electrical properties of a back-gated MoS2 
transistor was also investigated. The transfer characteristics of this majority carrier device 
before and after treatment showed a shift in the threshold voltage toward zero, indicating 
that the native n-type doping in the MoS2 was removed, while maintaining the same drive 
current (Fig. 2-1-6B). An improvement in the subthreshold slope suggested that the 
treatment reducing interface trap states. The Raman spectra of an as-exfoliated and treated 
monolayer (Fig. 2-1-6C) showed that there was no change in the relative intensity or peak 
position. Thus, the structure of MoS2 was not altered during treatment and the lattice was 
not being subject to any induced strain23. Because absolute absorption was used in the 
calibration of QY, careful absorption measurements were performed using two different 
methods14 both before and after treatment (Fig. 2-1-6D). At the pump wavelength, (514.5 
nm), no measurable change of the absolute absorption from the treatment was observed. 
The strong resonances at 1.88 and 2.04 eV corresponding to the A and B excitons, 
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respectively, are consistent with previous reports12. Surface-sensitive x-ray photoelectron 
spectroscopy (XPS) was performed on bulk MoS2 from the same crystal used for 
micromechanical exfoliation. The Mo 3d and S 2p core levels both before and after 
treatment (Fig. 2-1-6E) showed no observable increase in the MoOx peak or sulfur 
oxidation after the treatment. Moreover, the oxidation state and bonding of Mo and S 
showed no appreciable change24. Thus, a panoply of different materials characterization 
techniques show that the structure of the MoS2 remains intact after TFSI treatment, with 
only the QY and lifetime being enhanced. 

The exact mechanism by which the TFSI passivates surface defects is not fully 
understood. Exfoliated MoS2 surfaces contain regions with a large number of defect sites 
in the form of sulfur vacancies, adatoms on the surface, and numerous impurities27-28. The 
calculated mid-gap energy for several defect types are shown, including a sulfur vacancy 
(Vs), adsorbed –OH, and adsorbed water. For all of these cases deep level traps, which 
contribute to defect-mediated non-radiative recombination resulting in a low QY28, are 
observed. The strong protonating nature of the superacid can remove absorbed water, 
hydroxyl groups, oxygen and other contaminants on the surface13. Although these reactions 
will not remove the contribution of defects to non-radiative recombination, it will open the 
active defect sites to passivation by a second mechanism. One possibility is the protonation 
of the three dangling bonds at each sulfur vacancy site. However, density functional theory 
(DFT) calculations14 show that this reaction is energetically unfavorable.  

 We have demonstrated an air-stable process by which the PL of monolayer MoS2 
can be increased by over two orders of magnitude, resulting in near-unity luminescence 
yield. This result sheds light on the importance of defects in limiting the performance of 
2D systems, and presents a practical route to eliminate their effect on optoelectronic 
properties.  The existence of monolayers with near ideal optoelectronic properties should 
enable the development of new high-performance light emitting diodes, lasers, and solar 
cells. These devices can fulfill the revolutionary potential of the 2D semiconductors (1), 
which require interfacial passivation, as in all classic semiconductors. 
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Fig. 2-1-5. Treatment Stability. QY measured at an incident power of 5×10-3 W/cm2 
over one week; the sample was stored in ambient conditions (20° to 22°C, 40 to 60% 
relative humidity). 
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Fig. 2-1-6. Material and device characterization. (A) AFM images taken before and after 
TFSI treatment. (B) Transfer characteristics of a monolayer MoS2 transistor both before 
and after treatment. (C) Raman spectrum of as-exfoliated and TFSI treated MoS2 samples. 
(D) Absorption spectrum of the as-exfoliated and treated MoS2 samples. (E) XPS spectrum 
of the S 2p and Mo 3d core levels before and after treatment. Inserts show that there is no 
appearance of SOx or change in the MoOx peak intensity after treatment. 
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2.2 – TFSI treatment of other 2D material systems2 

 

Here, we expand on upon the initial results by studying the effect of TFSI treatment, 
in combination with combined steady-state and transient optical measurements, on several 
of the most optoelectronically promising TMDC monolayers1,2 including WS2, WSe2, and 
MoSe2. We find that the treatment is able to effectively passivate/repair defects in sulfur 
based compounds, while the selenide based materials are largely unaffected. Furthermore, 
we observe that all of these materials display similar recombination kinetics, i.e. there is 
no observable Shockley-Read-Hall (SRH) recombination at low injection levels while 
biexcitonic recombination is the likely non-radiative pathway at high injection levels. 

 To verify that treatment by TFSI does not damage the 2D compounds investigated 
in this study we performed Raman spectroscopy for each material studied both in the as-
exfoliated case and after TFSI treatment. The Raman spectra of WS2 under 514.5 nm 
excitation is a particularly interesting case, since under this condition there is a second 
order-resonance with the longitudinal acoustic mode (LA(M)) which is a result of coupling 
between the phonon and electronic band structures.3 While there is no significant change 
in the Raman spectra for WSe2 or MoSe2 after chemical treatment, both in terms of peak 
position and relative intensity, as was observed for MoS2 in our previous report,4 we 
observe a strong increase in the intensity ratio of the 2LA(M) peak to the A’ peak from 2.9, 
which is comparable to what has been previously observed for WS2 monolayers,5,6 to 5.3. 
The increased relative intensity of the resonant mode suggests that the influence of defects 
is reduced after chemical treatment. Furthermore, this trend is consistent with reduced 
2LA(M)/A’ peak intensity observed for lower quality WS2 samples.6 

                                                           
2Reproduced with permission from M. Amani et al., Nano Letters, 16, 2786-2791, 2016. 
Copyright © [2016] ACS. 
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Fig. 2-2-1. PL spectra for both the as-exfoliated and TFSI treated (a) WS2, (b) MoS2, (c) 
WSe2, and (d) MoSe2 monolayers measured at an incident power of 1×10−2 Wcm−2. The 
inset shows normalized spectra for each material. Absorption spectra of both as-exfoliated 
(dashed lines) and chemically treated (solid lines) WS2, MoS2, WSe2, and MoSe2 
monolayers (e). 

 
Fig. 2-2-2. Pump-power dependence of the integrated PL for as-exfoliated and treated WS2 
and MoS2 (a). Dashed lines show power law fits for the dominant recombination regimes. 
Pump-power dependence of the integrated PL for as-exfoliated and treated WSe2 and 
MoSe2 (b). Dashed lines show power law fits for the dominant recombination regimes. 
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Steady-state calibrated PL spectra, measured at a low excitation power density of 
1×10-2 W×cm-2, for the four materials examined in this study are shown in Figure 2-2-1 a-
d. We found that in addition to being able to dramatically enhance the PL of MoS2, TFSI 
treatment is also effective in enhancing the PL of WS2. As-exfoliated WS2 has been known 
to show the highest quantum yield of all 2D materials which have been previously 
studied7,8; despite this we are still able to demonstrate an order of magnitude enhancement 
of the emission, relative to the as-exfoliated monolayer. To be able to extract the internal 
photoluminescence quantum yield for the different samples quantitative absorption 
measurements were performed for each system both before and after chemical treatment. 
The measurements were performed using two different methods, following the procedure 
described in our previous work and are plotted in Figure 2-2-1e. As was previously shown 
for MoS2, there is no measurable difference in the absorption spectra as a result of TFSI 
treatment in WS2, WSe2, or MoSe2. The spectral shape of the calibrated absorption spectra 
presented here is consistent with previously reported differential reflectance measurements 
on the various materials.9 

One of the primary factors which effects the observed luminescence in 2D 
semiconductors is substrate induced interference and multiple reflection effects.10 These 
phenomena can modulate both the effective absorption as well as the emission by 
increasing the number of times an incident or emitted photon can be absorbed by the 2D 
layer or the number of chances it has to fall within the escape cone for emission. By 
changing the oxide thickness on silicon substrates it was previously shown that this effect 
can lead to an order of magnitude modulation in the emitted light for the same monolayer,10 
indicating that this effect is independent of the materials internal PL QY. More importantly, 
this effect has significant wavelength dependence, and will non-linearly weight the 
observed luminescence for different light emitters. In the case of GaAs, by placing the 
sample on a highly reflective mirror substrate, it is possible to dramatically increase the 
probability of the emitted light escaping to ~70%.11 In addition, complex optical 
environments such as Si/SiO2, can impact the radiative lifetime through changes in the 
effective refractive index.12 For our case, we utilized quartz substrates for all measurements 
which provides a very simple, non-wavelength dependent analysis, despite the fact that this 
lowers the externally measured luminescence. 
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Fig. 2-2-3. Pump-power dependence of the QY for as-exfoliated and chemically treated 
WS2, MoS2, WSe2 and MoSe2 (a). Dashed lines show the recombination model for 
chemically treated MoS2 and WS2. Summary of the peak QY values for the various TMDCs 
obtained both before and after treatment (b). 
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Fig. 2-2-4. Radiative decay of as-exfoliated (a) and chemically treated (b) WS2 at various 
initial carrier concentrations (n0) as well as the instrument response function (IRF). E 
ffective PL lifetime as a function of pump-fluence for WS2 both before and after chemical 
treatment; the dashed line shows a power law fit for the dominant recombination regimes 
(c). Summary of longest measured lifetimes for the various TMDCs obtained both before 
and after treatment (d). 

 



18 
 

 

Fig. 2-2-5. Radiative decay of as-exfoliated (a) and chemically treated (b) WSe2 
measured at several pump fluences. Radiative decay of as-exfoliated (a) and chemically 
treated (b) MoSe2 measured at several pump fluences. 
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To probe the recombination mechanisms present in the various TMDCs, we 
extended our PL measurements to cover a pump dynamic range of over six orders of 
magnitude, while avoiding incident laser powers greater than 50 µW which are known to 
damage as well as cause local heating effects in these materials.13 The pump-power 
dependence of luminesce for the different materials is shown both before and after 
chemical treatment in Figure 2-2-2, as well as empirical power laws fits, given by: I = Pn, 
to the dominant recombination regimes. From these curves we extract the QY, which is 
plotted in Figure 2-2-3 for each material both before and after treatment. After treatment 
the QY for both MoS2 and WS2 reaches a value near-unity at low pump power, while the 
QY for the two selenide materials is moderately reduced as summarized in Figure 2b. At 
high injection levels all of the investigated materials show sub-linear dependence of the 
light emission, with rate-laws in the range of 0.43-0.58. The rate law is indicative of a two-
body non-radiative processes and can be attributed to biexcitonic recombination 
(annihilation of two excitons), knowing that free electron-hole pairs in 2D materials non-
reversibly form excitons due to their high binding energies.14 In all cases, as the excitation 
power is reduced, the materials show saturation of the PL, i.e. no reduction of the 
luminescence yield. This is strongly in contrast with traditional semiconductors where a 
reduction of the PL QY is typically observed due to SRH recombination of a carrier at a 
defect site (one body process) as opposed to meeting an oppositely charged carrier and 
radiating (two body process).15 For the excitonic case, both recombination with a defect 
and radiation are single body processes which leads to the observed luminescence 
saturation. 

The dynamic luminescence behavior for the different materials, both in the as-
exfoliated and chemically treated cases, was investigated to examine the carrier 
recombination dynamics as well as independently confirm the QY measurements. We 
show the decay curves for as-exfoliated and chemically treated WS2 in Figure 2-2-4a and 
2-2-4b respectively and the lifetime for both cases as a function of pump-fluence is shown 
in Figure 2-2-4c, and is consistent with the behavior observed in the steady state 
measurements. Chemically treated WS2 shows a single exponential decay with a radiative 
lifetime (τr) of 3.4±0.3 ns as the lowest measured fluence of 2.3×10-4 µJ/cm2. Similar 
measurements were performed on WSe2, and MoSe2 and are shown in Figure 2-2-5. Figure 
2-2-4d summarizes the observed lifetimes (τob) for the materials evaluated in this study. 
Despite the fact that the luminescence decay of the selenide compounds is dominated by 
the non-radiative lifetime, we can estimate the radiative lifetime using15: 

𝑄𝑌 =  
𝜏𝑜𝑏

𝜏𝑟
 

which results in τr = 19.3 ns and τr = 116.3 ns for WSe2 and MoSe2 respectively. 

2D materials are known to be host to a significant variety of defect types,17-21 in 
naturally or synthesized crystals as well as monolayers grown by chemical vapor 
deposition.22 In the case of both exfoliated WS2 and MoS2, which can achieve near-unity 
QY after TFSI treatment, one of the dominant defect types is likely sulfur vacancies.10,20 

(2-2-1) 
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On the other hand, TFSI treatment is not able to improve the luminescence of both WSe2 
and MoSe2, and typically results in a small drop from the as-exfoliated intensity. The 
treatment conditions for the selenium-based compounds were systematically varied; 
however, no TFSI based treatment condition was found to enhance the PL. High resolution 
TEM studies on WSe2 have suggested that defects in this material do not simply exist as 
simple vacancy sites, but rather as complexes which include both missing chalcogen and 
metal atoms.23  

To better understand the nature of the native defects which exist in the various 
crystals, scanning tunneling microscopy (STM) measurements were performed on freshly 
exfoliated crystals of the materials studied here. Representative STM images taken over a 
similar area of 100 nm  100 nm for the different TMDC materials are shown in Figure 2-
2-6; it is important to note here that the spatial variation of surface defects is high. The poor 
QY observed in as-exfoliated MoS2 can be understood from the comparatively large defect 
density observed in STM (as high as 8 % of the imaged surface area), relative to WS2 (~0.1-
1.6 %). Dark contrast defects, predominantly observed in WS2 and MoS2, can be caused 
by missing fragments of the material as well as the presence of acceptor impurities at the 
vicinity of the surface region.36-38 This is consistent with sulfur vacancies and the n-type 
behavior observed in WS2 and MoS2 field effect devices,24,25 which do not utilize doping 
or extremely high work function contacts to enable p-type conduction26,27. The opposite 
behavior is seen in selenides, where a high density of bright contrast defects (>2%) that 
can primarily be related to donor impurities at or near the surface, are observed.42 The 
interpretation of the localized imperfections were well documented for GaAs(110) and 
other semiconductors.28 Our surface inspection reveals the following findings: (i) high 
spatial variation even across the same material with the largest imperfections density found 
on MoS2, (ii) sulfide surfaces are dominated by structural defects and by acceptor 
impurities causing local depressions, and (iii) selenide surfaces are predominantly 
dominated by hillock-like structures induced by donor impurities. This drastic difference 
in the nature of defects may explain why sulfur based TMDC materials are more responsive 
to the TFSI treatment. 

 In summary, we have presented a comprehensive study on the recombination 
behavior as well as the impact of TFSI treatment on the most heavily studied direct band-
gap 2D semiconductors. We show that the dominant recombination pathway at high pump-
power for all of these materials is biexcitonic recombination and that there is no evidence 
for SRH related recombination at low injection levels. Furthermore, through the 
combination of lifetime and calibrated QY measurements we estimate the radiative 
lifetimes and provide the biexcitonic recombination coefficients for the studied systems. 
Our results show that sulfur based TMDCs are amenable to repair by TFSI treatment, while 
high QY in selenium-based compounds cannot be obtained by this method. 
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Fig. 2-2-6. Large area representative STM images (100 nm × 100 nm) measured on bulk 
flakes of (a) WS2 (Vbias = 0.9 V, It = 1.0 nA), (b) MoS2 (Vbias = 1.0 V, It = 1.0 nA), (c) WSe2 
(Vbias = 1.5 V, It = 0.5 nA), and (d) MoSe2 (Vbias = 1.5 V, It = 0.5 nA). Red circles show 
examples of either donor impurities or missing fragments of material (dark contrast); black 
circles indicate show examples of acceptor impurities (bright contrast). 
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2.3 – Application of TFSI treatment to synthetic and large area MoS2 films3 

 

A key unanswered question in the work presented thus far is the effectiveness of the 
treatment on MoS2 grown by chemical vapor deposition (CVD). We address treatment of 
synthetic MoS2 monolayers in this work and show that tensile strain present in as-grown 
films1 has a dramatic effect on the treatment. We also study the effect of the sulfur 
precursor temperature during growth and show that this also plays a role in the ultimate 
quantum yield which can be achieved after treatment. As a result, we are able to achieve 
large-area monolayers with high quantum yield. Figures 2-3-1b and c show schematic 
representations of the two approaches investigated to obtain high QY synthetic MoS2 
monolayers. Samples that were grown and treated directly by TFSI (Fig. 2-3-1b) had a 
minimal change in the QY with peak values under 0.1%. In the second approach (Fig. 2-3-
1c), the MoS2 triangular domains and films were transferred from the growth substrate to 
a new substrate using HF to release MoS2 from the original substrate. It has been previously 
shown that after CVD growth there an is intrinsic tensile strain present in MoS2 
monolayers,2-5 which may be a result of the difference in thermal expansion coefficient of 
the Si/SiO2 substrate and MoS2 as the sample is cooled from the growth temperature 
(typically in the range of 600-800ºC) to room temperature. After the layer transfer, the 
strain is released, and the samples are subsequently treated by TFSI, resulting in a dramatic 
enhancement of the room temperature quantum yield from <1% before treatment to a final 
value of ~30%. 

 We first investigated the effect of layer transfer on the optoelectronic properties of 
MoS2. For this study single MoS2 domains were grown directly on quartz substrates and 
subsequently transferred to a new quartz substrate as described in section 2.1. Consistent 
with previous reports, we find that there is intrinsic biaxial tensile strain in the as-grown 
MoS2 domains as a result of the difference in thermal expansion coefficient of the substrate 
and the MoS2.2,5 As a result we observe a shift of the in-plane Raman mode (E’) of 2.4 cm-

1 between the as-grown and transferred films, indicating that the as-grown MoS2 is under 
0.8% tensile strain (fig. 2-3-2a). The final separation of the E’ and A’ peaks is 18.5 cm-1 
after transfer, which is consistent with what has been previously reported for monolayer 
MoS2 produced by exfoliation.2 We also observe a blue-shift of the PL spectra, which 
similarly corresponds to a release of tensile strain as shown in figure 2-3-2b. 

                                                           
3Reproduced with permission from M. Amani et al., ACS Nano, 10, 6535-6541, 2016. 
Copyright © [2016] ACS. 
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Fig. 2-3-1. (a) Configuration of the growth setup utilized to prepare the MoS2 samples for 
this study. The temperature of the substrate and molybdenum precursor (in the furnace hot 
zone) and the sulfur precursor (surrounded by heating tape) are controlled and measured 
independently. (b) and (c) Schematic illustrating the two primary sample preparation routes 
investigated in this study. As-grown MoS2 triangular domains and films, which show 
tensile strain after growth were either (b) treated by TFSI directly, resulting in a small 
reduction in the PL QY or (c) transferred from the growth substrate using PMMA mediated 
transfer process releasing the strain, and subsequently treated by TFSI, resulting in a final 
PL QY of approximately 30%. 
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 The dependence of the PL QY as a function of pump-power was then investigated 
both before and after transfer over a pump dynamic range of five orders of magnitude as 
shown in figure 2-3-2c, where the limits were set by either insufficient signal due to the 
low QY of the untreated samples or by high illumination powers (greater than 100 µW) 
which can lead to damage of the monolayers due to excessive local heating. The 
corresponding QY as a function of pump-power is plotted in figure 2-3-2d and shows that 
the quantum yield for the CVD samples prepared here is in the range of 0.02 to 0.5%. 
Interestingly, the dynamics of the PL QY as a function of pump-power change dramatically 
after the strain is released, as can be seen by the difference in the power law dependence 
for the two samples. For the transferred sample, the behavior closely matches data which 
has been previously reported for exfoliated films, obeying a power law of 0.72 over the 
measurable dynamic range (figure 2-3-2c). On the other hand, for the as-grown MoS2 
domains, the emission is linearly dependent on the incident power, with a power law of 
0.98. In the unstrained case, monolayer MoS2 shows a direct bandgap at the K point; 
however, upon the introduction of tensile strain (on the order of 1%) has been previously 
calculated that the lowest energy transition becomes K-to-Γ and is indirect.6  

The primary implication of having an indirect as opposed to direct bandgap in 
semiconductors is the requirement of a phonon to observe a radiative transition. This 
additional requirement results in a dramatic increase in the radiative lifetime. In the case 
of direct band-gap GaAs, the radiative lifetime is on the order of nanoseconds, while in 
indirect band-gap silicon, the lifetime is on the order of milliseconds.7,8 It is important to 
note here that an indirect band-gap does not imply that a material has no luminescence. In 
fact, high quality silicon with appropriate surface passivation can have a PL QY as high as 
20%.9 The indirect bandgap simply implies that the non-radiative lifetime must be 
sufficiently long (ideally much longer than the radiative lifetime) to allow carriers the 
opportunity to radiate. It is likely that the tensile strain present in the as-grown MoS2 leads 
to the material becoming more indirect, increasing the radiative lifetime and resulting in 
the observed variation in the pump-power dependence of the luminescence. 

The effects of chemical treatment on both as-grown and transferred samples is 
studied by calibrated PL measurements. For as-grown MoS2 monolayers, treatment by 
TFSI surprisingly lead to a minor degradation of the luminescence (figure 2-3-3a). This 
behavior was consistently observed for numerous samples, and similar results were 
observed for samples where the growth conditions were varied as discussed later in the 
manuscript. Noticeably different behavior was observed after the samples were transferred 
as shown in figure 2-3-3b. After transfer, samples grown at an optimized sulfur precursor 
temperature of 200ºC were found to have an average QY value of 31±8% with TFSI 
treatment at low pump power. Similar pump-power dependence of PL QY was observed 
for a transferred MoS2 continuous film after treatment by TFSI. 
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Fig. 2-3-2. (a) Raman spectra measured on as-grown and transferred MoS2 single domains. 
(b) PL spectra of the MoS2 single domains measured before and after transfer at a laser 
power of 50 W/cm2. (c) Pump-power dependence of the integrated PL measured before 
and after transfer. Dashed lines show power law fits of the data. (d) Pump-power 
dependence of the QY measured before and after transfer. Samples shown here were grown 
directly on quartz and subsequently transferred to a new quartz substrate. 
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Fig. 2-3-3. (a) Pump-power dependence of the QY measured on a CVD-grown MoS2 single 
domain after growth and after chemical treatment by TFSI; note that this sample was not 
transferred. (b) Pump-power dependence of the QY measured on a CVD-grown MoS2 
single domain after transfer and after chemical treatment by TFSI. Dashed lines show the 
recombination model for the treated sample. 

  

 
Fig. 2-3-4. (a) Raman spectra measured on transferred MoS2 single domains before and 
after treatment by TFSI. (b) PL spectra obtained at a pump power of 0.1 W/cm2 for 
transferred MoS2 single domains both before and after chemical treatment by TFSI. (c) 
Radiative decay of transferred MoS2 single domains obtained at a pump fluence of 5×10-2 
µJ/cm2 both before and after chemical treatment by TFSI, as well as the instrument 
response function (IRF). 

  



28 
 

 To verify that the structural properties of the CVD-grown MoS2 are unaffected due 
to the TFSI treatment, we performed Raman spectroscopy before and after treatment as 
shown in figure 2-3-4a and verify that, similar to the case of exfoliated monolayers, there 
is no significant change in the spectra.2 PL spectra measured after growth, transfer, and 
treatment at an incident power of 0.1 W/cm2 are shown in figure 2-3-4b. Noting that the 
significant spectral shift between the as-grown and transferred sample is a result of strain, 
we see no significant change in the spectral shape or peak-position as a result of the 
treatment. It is also important to note that we do not observe any change in the spectral 
shape of the emission over the full pump dynamic range for treated samples. Finally, to 
confirm the enhancement in QY by chemical treatment, we performed time resolved 
measurements at a low pump fluence of 5×10-2 µJ/cm2. Prior to treatment, the films show 
an extremely short lifetime of 190 ps, which is comparable to the instrument timing 
resolution. After treatment, we observe a measured lifetime (τm) of 4.2 ns. We can estimate 
the quantum yield using the formula: 𝑄𝑌 =  

𝜏𝑚

𝜏𝑟
, and the radiative lifetime measured in an 

exfoliated MoS2 sample.12 This results in a predicted quantum yield value of 38% and is in 
reasonable agreement with the steady state measurements. 

 While the defects in MoS2 monolayers generated by micro-mechanical exfoliation 
primarily consist of sulfur vacancies,13-16 TEM studies have shown that samples grown by 
CVD contain a wide variety of complex defects.16 These include point defects such a Mo 
or S antisites, Mo vacancies, sulfur and disulfur vacancies, Mo and S adatoms, as well as 
complexes such as ring chains.17 To obtain MoS2 samples where the TFSI treatment, which 
has previously shown to have been successful in passivating exfoliated monolayers, is 
effective, we studied the influence of sulfur precursor temperature on the growth. Figure 
2-3-5 shows the quantum yield for each condition after transfer as well as after chemical 
treatment by TFSI for sulfur precursor temperatures of 200ºC, 250 ºC, and 300ºC. For 
samples grown in sulfur rich conditions, TFSI treatment had little impact on the quantum 
yield. Conversely, for samples prepared in sulfur deficient conditions, a large enhancement 
of the PL was observed after treatment. We hypothesize that under sulfur deficient growth 
conditions the defects in the sample are dominated by sulfur vacancies, making them more 
amenable to TFSI treatment, whereas in sulfur rich conditions, the defects are primarily 
related to the cation and cannot be passivated by TFSI. Since the mechanism of TFSI 
treatment is not fully understood however, we lack sufficient evidence to make a stronger 
claim based on these results. Interestingly, we found that in the absence of chemical 
treatment, MoS2 prepared in sulfur rich conditions show the highest emission efficiency.  
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Fig. 2-3-5. Maximum quantum yield obtained on CVD-grown single domains after transfer 
and after subsequent treatment by TFSI as a function of the sulfur precursor temperature 
during the growth process. Error bars are obtained from measurements taken on 10 
different locations on the same sample. 

 

 
Fig. 2-3-6. (a) Optical image of a transferred MoS2 single domains and log-scale 
luminescence images from the same area obtained (b) before and (c) after chemical 
treatment by TFSI. (d) Optical image of a transferred continuous MoS2 film and log scale 
luminescence images from the same area obtained (e) before and (f) after chemical 
treatment by TFSI. 
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 The uniformity of the transferred samples both before and after treatment was 
investigated using PL imaging. Emission from both single MoS2 domains as well as 
continuous films were imaged, and the results are shown in figure 2-3-6. As a result of the 
transfer process, some local imperfections such as holes are generated in the samples. 
Additionally, since the growth process has not been optimized yet at low sulfur pressure 
conditions, regions of few-layered growth and overgrowth along boundary regions of the 
films are observed. For both films and single domains, we observed uniform enhancement 
of the luminescence, excluding regions where the sample was physically damaged prior to 
treatment and multilayer regions in the continuous film. This is in strong contrast to 
previous observations in CVD samples where groups have reported the observation of high 
PL confined to edges or other local regions of the film.16  

Finally, we performed macro-scale imaging of the luminescence from the 
previously examined CVD MoS2 film after chemical treatment by TFSI, and the results are 
shown in figure 2-3-7. The image was taken by a photographic camera, using a colored 
glass filter to block the excitation, and the sample was excited by a ultra-violet LED (P ≈ 
0.2 W/cm2). Emission observed at the edges of the sample is due to light trapping within 
the high refractive index substrate. The strong, visible light emission of these monolayers 
coupled with their low absorption suggests that they have potential for use in transparent 
lighting applications. 

In conclusion, we have demonstrated that treatment by TFSI can provide a highly 
effective and simple route to obtaining high luminescence efficiency in synthetic MoS2. 
We have identified two key sample requirements for this treatment to be effective: 1) 
transfer of the MoS2 film to release tensile strain of the as-grown films and 2) optimization 
of the sulfur precursor temperature during growth. As a result of the TFSI treatment, we 
obtain CVD-grown MoS2 samples with high PL QY values around 30%. Upon TFSI 
treatment, the monolayer MoS2 film grown by CVD is shown to have visible-by-eye 
luminescence over a large area, despite having a low absorption coefficient. These findings 
provide important insight into the realization of a synthetic route towards high-quality 
monolayer TMDCs with low trap densities.  
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Fig. 2-3-7. Photograph of luminescence from a CVD-grown MoS2 film transferred to a 
quartz substrate and subsequently chemical treated by TFSI. The MoS2 film partially 
covers the sample. Inset shows a photograph of the quartz chip and the transferred MoS2 
film. 
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2.4 – Strain engineering of synthetic WSe2 films4 

 

In many 2D materials, a number of desirable properties emerge at the monolayer 
limit, the most notable of which being the presence of a direct bandgap. Many studies based 
on mechanical bending of exfoliated 2D TMDCs have been conducted on flexible 
substrates, and they have shown that the application of strain can tune the properties of this 
new class of materials1-4. For example, it has been demonstrated that in multilayer WSe2, 
particularly in nominally indirect-gap bilayer WSe2, application of tensile strain can result 
in a transition from an indirect to a direct bandgap5. However, studies on the effects of 
strain in TMDCs have been limited to mechanical bending of samples, and there has yet to 
be a technique which can directly realize built-in tensile and compressive strains.  

Traditionally, strain engineering of semiconductors has been leveraged to tune the 
electronic band structure of high-performance devices, the most notable of which being to 
reduce intervalley scattering, increase mobility in Si transistors, and reduce the hole 
effective mass in III-V semiconductor lasers6,7. Growth on epitaxial substrates with 
controlled lattice constant mismatch has typically been utilized to establish built-in strain 
in three-dimensional semiconductors8. However, due to the relatively weak interaction 
between 2D materials and substrates, this established method of strain engineering is likely 
not applicable for strain-engineered growth of TMDCs. Therefore, a route towards 
development of large-area strained TMDCs on a practical substrate is highly desirable.  
Significant research efforts have been made to realize large area TMDCs, with the majority 
of efforts focusing on chemical vapor deposition (CVD)9-10. Interestingly, a number of 
studies employing CVD growth of 2D materials have reported apparent strain in the 
synthesized samples11,12. However, growth of high-quality 2D materials with controllable 
built-in strain has not been realized. Hence, properties that are difficult to probe via 
mechanical bending experiments such as low-temperature optical measurements and 
electrical performance have yet to be explored.  

In this work, we demonstrate strain engineering of 2D materials directly via CVD 
growth while simultaneously maintaining high material quality, through utilizing the 
thermal coefficient of expansion (TCE) mismatch between the TMDC and the growth 
substrate. Electron diffraction of strained monolayers grown directly onto transmission 
electron microscopy (TEM) windows is utilized to unambiguously quantify strain. Using 
WSe2 as a model system, we show that it is possible to obtain both tensile (of approximately 
1%) and compressive (0.2%) strained 2D semiconductors over large areas on rigid 
substrates. Furthermore, in the WSe2 model system we show indirect-to-direct optical 
transition in tensile strained WSe2 bilayers as well as removal of dark exciton quenching 
in WSe2 monolayers.  

                                                           
4Reproduced with permission from G.H. Ahn, M. Amani et al., Nature Communications, 
8, 608, 2017. Copyright © [2017] Springer Nature. 
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Due to the high growth temperatures used to synthesize TMDCs, the thermal 
coefficient of expansion mismatch between the substrate and the 2D semiconductor can be 
utilized to control the strain in the synthesized 2D material, as shown schematically in Fig. 
2-4-1. The theoretical upper limit for the strain, assuming no relaxation, can be calculated 
using the difference in lattice constant of the substrate and 2D semiconductor at room 
temperature and synthesis temperature: 

𝜀(𝑇g) =
𝑎2D(𝑇g) − 𝑎2D(25℃)

𝑎2D(25℃)
−
𝑎Sub(𝑇g) − 𝑎Sub(25℃)

𝑎Sub(25℃)
 

where a2D is the in-plane lattice constant for the 2D material being grown, aSub is the in-
plane lattice constant of the substrate, and Tg is the growth temperature. More generally, 
this can be calculated using the temperature dependent thermal expansion coefficient for 
the 2D material (α2D) and substrate (αSub) according to: 

𝜀(𝑇g) = ∫ 𝛼2D(𝑇)
𝑇g

25℃

d𝑇 − ∫ 𝛼Sub(𝑇)
𝑇g

25℃

d𝑇 

In order to retain the strain generated from TCE-mismatch, the bonding between the 2D 
layer and the substrate must be sufficiently strong and corrugated to maintain the nonslip 
condition that transmits strain to the layer. While one expects strains of this magnitude to 
arise during epitaxial growth, it is difficult to see how a similar strain can arise for films 
bound by van der Waals forces to an amorphous substrate.  Experimentally, the corrugation 
in the film must be large enough to retain the strain upon cooling.  To estimate the 
magnitude of the corrugation necessary to sustain the strain, we analyzed a 2D Frenkel-
Kontorova model14. This model suggests that atomic binding energy variations of as little 
as 14 meV over the range of the unit cell are capable of retaining strains of the magnitude 
of those observed experimentally.   This variation is roughly 1% of a typical covalent bond 
strength, and very near to the typical strength of a van der Waals bond.  Though a more 
detailed theory needs to be developed, especially to understand the surface chemistry 
immediately prior to growth to determine the nature of the bonding, this simple analysis 
suggests that thermal-expansion mismatch can strain a film, even in the case of weak 
binding between the film and the substrate. It should be noted that in a previous study, local 
heating of MoS2 using a laser was used to generate strains of up to 0.2% arising from the 
TCE-mismatch of MoS2 with the substrate17. Although this method does not generate built-
in strains (strain is released once the laser is turned off), it suggests that the MoS2-substrate 
bonding is strong enough to enable TCE-mismatched induced strain engineering 15. 

(1) 

(2-4-1) 

(2-4-2) 
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Fig. 2-4-1 | Strain-engineered growth of WSe2 using TCE-mismatch. Schematic of the 
process through which strain is realized during the growth of 2D materials via mismatch 
in substrate and TMDC thermal expansion coefficient. (a) Tensile strain is achieved when 
the TCE of the substrate is less than that of the 2D material, (b) relaxed samples are 
achieved when the TCE of the substrate and TD material match, and (c) compressive strain 
is achieved when the TCE of the substrate is greater than that of the 2D material. 
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To demonstrate strain-engineered CVD growth of WSe2, four substrates were 
chosen which have a range of TCEs.  Fused silica and aluminum nitride (AlN) have a TCE 
of 0.55 ppm and 5.5 ppm, respectively, much smaller than that of WSe2 (9.5±3.2 ppm), and 
would be expected to induce tensile strain1,16-20.  In contrast, sapphire has a TCE closely 
matched to WSe2 and would be expected to produce relaxed samples and strontium titanate 
(STO) with a TCE of 12 ppm should yield compressively strained samples18,21,23. The 
sample was rapidly quenched after growth to limit relaxation in the WSe2. It is important 
to note that the rapid quenching process was found to be important in maintaining the 
presence of strain, and delay of the quenching step can result in partial relaxation of the 2D 
material.  

To characterize the strain present in the as-grown material multiple characterization 
methods were utilized. First, electron diffraction was performed on WSe2 as-grown on SiO2 
TEM grids and WSe2 transferred to SiO2 TEM grids. The resulting diffraction patterns are 
shown in Fig. 2-4-2 (a-c). In all TEM diffraction measurements on WSe2, the camera length 
and lens aberrations of the imaging systems were calibrated using polycrystalline 
aluminum and single crystal aluminum calibration samples (Ted Pella), and the microscope 
lens settings were left constant for all subsequent measurements. By comparing the lattice 
constant extracted from the diffraction patterns of strained (as-grown) and unstrained 
(transferred) WSe2, utilizing the center of mass for 75 diffraction spots from each pattern, 
we calculate that a 1.39±0.28% tensile strain is present in the as-grown sample. Error bars 
represent standard deviation in lattice constant value over 75 measured diffraction spots. 
Raman spectroscopy shown in Figure 2-4-2 (d), reveals a shift of E’ in plane Raman mode 
of 1.5±0.2 cm-1 between as-grown and transferred WSe2. We note that the strain measured 
here is biaxial, not uniaxial, in contrast to mechanical bending studies and thus we do not 
observe splitting of the E’ mode. Therefore, the theoretically calculated value for the 
Grüneisen parameter of WSe2 is used to calculate the expected peak shift according to: 
𝜔(𝜀) = 𝜔0 + χ𝜀, which is consistent with the approximately 1% tensile strain measured 
via diffraction23-25. It should also be noted that after transfer the E’ mode shows no shift 
relative to samples prepared either by exfoliation or as-grown onto sapphire. High 
resolution Raman mapping was performed and is shown in Figure 2-4-2 (e) and (f) for 
WSe2 crystals as-grown on fused silica and transferred to a new fused silica substrate 
respectively. We observe uniform shift throughout the full WSe2 domain for both samples 
indicating that the strain is uniformly distributed within the sample on the scale of the 
Raman spot size. 
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Fig. 2-4-2 | Transmission electron microscopy images and Raman spectroscopy of 
monolayer WSe2. (a) Overlay of diffraction spots for as-grown and transferred monolayer 
WSe2, showing a 1.39±0.28% strain in samples grown directly on the TEM membrane. 
Scale bar is 10 nm-1. (b) Electron Diffraction patterns of tensile strained WSe2 monolayer 
grown directly on an 8 nm SiO2 TEM membrane and (c) a WSe2 monolayer transferred to 
the same thickness membrane. Scale bar is 10 nm-1. (d) Raman spectra of WSe2 monolayers 
grown on various substrates. (e and f) Raman mapping of E’ peak position for a (e) tensile 
strained WSe2 monolayer as-grown on fused silica and a (f) WSe2 monolayer transferred 
to release strain; data is plotted using the same false color scheme. Scale bar is 20 μm. 
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Fig. 2-4-3 | Strain engineering of 2D materials. (a) PL spectra for monolayer WSe2 as-
grown on substrates with a range of thermal coefficient of expansion mismatches. (b) 
Estimated strain which can be achieved in 2D materials based on the mismatch between 
the substrate and TMDC thermal coefficient of expansion; data points show measured 
strain for substrates with a range of thermal expansion coefficient mismatch; dashed grey 
lines are based on TCE values for WSe2 obtained from references 21 and 22, dashed black 
line shows fit to experimental data. Error bars represent the standard deviation of strain 
measured over fifteen samples. (c) Estimated strain realized in WSe2 as-grown on fused 
silica at various substrate temperatures; dashed grey lines are based on TCE values for 
WSe2 obtained from references 21 and 22, dashed black line shows fit to experimental data. 
Error bars represent the standard deviation of strain, measured over fifteen samples. 
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Fig. 2-4-4 | Photoluminescence of strain-engineered monolayer and bilayer WSe2. (a) 
Photoluminescence spectra of as-grown and transferred monolayer WSe2 as well as 
exfoliated reference. Inset shows normalized spectra. (b) absorption spectra of as-grown 
and exfoliated monolayer WSe2. (c) Photoluminescence spectra of as-grown and 
transferred bilayer WSe2 as well as exfoliated reference; inset shows normalized PL spectra 
of as-grown and transferred bilayer WSe2. (d) Absorption spectra of as-grown and 
exfoliated bilayer WSe2. 
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Fig. 2-4-5 | Low-temperature photoluminescence of strain-engineered monolayer 
WSe2. (a) Temperature dependent photoluminescence spectra of as-grown monolayer 
WSe2 (tensile strained), inset shows the same measurement on an exfoliated monolayer 
WSe2 sample. (b) Photoluminescence spectra of as-grown (tensile strained) WSe2 and 
exfoliated WSe2 measured at 6K, inset shows normalized spectra. (c) Two dimensional 
plots of photoluminescence spectra and intensity of as-grown (tensile strained) monolayer 
WSe2. (d) Temperature dependence of the PL QY for as-grown (tensile strained), and 
exfoliated WSe2 as a function of temperature. 
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PL measurements were employed to measure the bandgap as a function of strain. 
Figure 2-4-3 (a) shows photoluminescence spectra of samples grown on all substrates 
investigated in this work as well as an exfoliated reference.  There is a large spectral shift 
of 120 meV between samples grown on fused silica with near zero TCE and STO which 
has the highest TCE of all substrates investigated in this work. Figure 2-4-3 (b) shows the 
estimated strain from photoluminescence peak shift as a function of predicted strain in 
WSe2, as a function of lattice mismatch between the substrate and TMDC lattice constant. 
Strain values are determined from the experimental measured PL peak position (error bars 
are calculated from variation in peak position and spectrometer error from measurements 
on 15 different crystals) and theoretically calculated bandgap as a function of strain 
extracted from references 1 and 25. It is important to note that we utilized the difference in 
peak position relative to an unstrained sample, to eliminate effects from absolute bandgap 
error from theoretical calculations. We performed an analysis of the expected strain due 
lattice parameter misfit to rule out the influence of epitaxial strain between the substrate 
and WSe2. From this calculation, the expected strain from lattice mismatch shows the 
opposite trend of what we observe experimentally. We find that our experimentally realized 
strain per ΔTCE of -0.10±0.01 % per ppm K-1) is in excellent agreement with the theoretical 
value of -0.09 % per ppm K-1. In order to verify that the substrate does not affect the 
photoluminescence peak shape or position of monolayer WSe2, samples were transferred 
to the four substrates used in this study and no shift of the PL peak was observed. The 
impact of growth temperature to tune the strain was also studied using fused silica as the 
substrate. Figure 2-4-3 (c) shows the tensile strain in monolayer WSe2 grown at different 
temperatures, estimated using PL peak position. We can tune the strain from 0.94±0.06% 
to 0.67±0.05% as the growth temperature is changed from 900°C to 673°C.  

Calibrated PL measurements were used to provide a gauge of material quality. We 
find that strained WSe2 monolayers as-grown on fused silica show comparable PL intensity 
to exfoliated WSe2, demonstrating that strain engineering of 2D materials can be achieved 
without compromising material performance. Specifically, as-exfoliated samples show a 
typical quantum (QY) yield of 2.3±0.4%, while samples grown on fused silica show a 
typical QY of 1.9±0.6%. Upon transfer, the strain within the as-grown material is released, 
and its emission peak shifts to 1.65 eV, closely matching that of exfoliated samples, as 
shown in Fig. 2-4-4 (a). In addition to emission, the absorption spectrum of as-grown 
monolayer was measured and is shown in Fig. 2-4-4 (b). The absorption spectra clearly 
show that A and B exciton resonances are red-shifted with presence of tensile strain, and 
are consistent with the observed shift in the emission. Interestingly, the absorption of the 
C exciton peak shows no shift between the as-grown and exfoliated samples, which is 
consistent with previously reported mechanical bending experiments on exfoliated 
monolayers, although it should be noted that in these experiments the strain was uniaxial28. 

More interestingly, it has been previously demonstrated using bending experiments 
that under the application of a uniaxial strain of approximately 1.5% bilayer WSe2 
undergoes an indirect-to-direct bandgap transition5. This effect is caused by an increase in 
the energy level of the indirect valley at the Σ-point as well as a corresponding decrease in 
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the energy level of the direct valley at the K point5. While it is important to note these 
results are obtained under uniaxial strain, similar trends between uniaxial and biaxial strain 
have been observed in theoretical studies on other 2D material systems27. Figure 2-4-4 (c) 
depicts the PL spectra of as-grown, exfoliated and transferred bilayer WSe2. In the as-
grown strained bilayer, we observe a single sharp PL peak as oppose to a broader spectrum 
corresponding to emission from both the indirect and direct bandgaps, as observed in the 
unstrained exfoliated and transferred samples. Moreover, the intensity of PL is reduced by 
approximately fifty times upon transfer and resultant release of tensile strain as shown in 
Fig. 2-4-4 (c). This phenomenon can possibly be attributed to the optical transition from 
indirect-to-direct in bilayer WSe2 in the presence of tensile strain. This is in a good 
agreement of previous reports on indirect-to-direct optical transition of WSe2 through 
bending experiments, although these previous studies utilized uniaxial strain5. The 
normalized PL spectra for bilayer WSe2 grown on fused silica after transfer, as well as 
unstrained samples grown on sapphire and prepared by exfoliation show very similar 
spectral shape. Absorption of WSe2 bilayer samples was also measured and is shown in 
Fig. 2-4-4 (d).  

To further characterize WSe2 monolayers, we performed low temperature PL 
measurements. Numerous studies have experimentally observed that the 
photoluminescence of monolayer WSe2 is quenched at reduced temperatures. This 
behavior is unusual for a direct bandgap semiconductor and has been attributed to the 
formation of dark excitons with an energy level approximately 30 meV below the bright 
state30,31. It has been hypothesized that at low temperatures the bright exciton is allowed to 
relax to the lower energy level resulting in a reduction of the PL QY. Conversely, both 
theoretical and experimental studies have suggested that un-strained monolayer WSe2 is an 
indirect-gap semiconductor, with a small (< 3kT) energy difference between the indirect 
and direct gaps30,31. Upon cooling of exfoliated monolayer WSe2 samples we observe 
similar results to what has been previously reported as shown in the inset of Fig. 2-4-5 (a), 
that is a reduction in PL emission at low temperatures. However, for the case of tensile 
strained monolayer WSe2 as-grown on fused silica we observe the opposite trend (Fig. 2-
4-5). As the temperature is reduced from 300K to 6K the PL intensity increases by over an 
order of magnitude, resulting in a final PL QY of 14% as shown in Fig. 2-4-5 (d). The 
nature of the physical mechanism for the dramatic difference in temperature dependent 
behavior can be directly attributed to band structure modification due to the presence of 
strain. However, it remains unclear if this is due to an indirect-to-direct bandgap transition 
or an increase in the energy level of the dark state.  

In summary, we have demonstrated controlled and stable strain engineering of 2D 
materials by growth, realized through thermal coefficient of expansion mismatch between 
the substrate and 2D material. The demonstrated strain engineering allows for dramatic 
modulation of the physical properties of 2D materials. Using WSe2 as a model system, we 
have achieved a strain induced indirect-to-direct optical transition in directly grown WSe2 
bilayer, resulting in an amplification of the PL intensity by over fifty times. We have also 
shown tunable PL emission of WSe2 monolayer, while maintaining its high performance. 
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Notably, in the monolayer case under tensile strain, we observed increasing luminescence 
at reduced temperatures, in stark contrast with what has been reported in the un-strained 
exfoliated material, suggesting that strain can be utilized to brighten the dark exciton. This 
practical route for the direct realization of strain engineering in 2D materials can allow for 
the characterization of device properties as a function of strain as well as enable optical 
measurements that are not accessible to samples strained by physical bending or stretching. 
Our work depicts that biaxial strains of 1% tensile to 0.2% compressive can be obtained by 
using readily achievable differences in the thermal expansion coefficients by choosing an 
appropriate growth substrate.  By expanding upon this method, it may be possible to obtain 
uniaxial strain via growth on substrates with anisotropic thermal expansion coefficients or 
obtain significantly higher strain values via growth on piezoelectric substrates34, 35. 
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2.5 – Experimental and theoretical methods 

 

Calibrated Luminescence Efficiency Measurements 

The PL (photoluminescence) data presented here was obtained with a custom built 
micro-PL system using the 514.5 nm line of an Ar ion laser (Lexel 95) for excitation.  The 
laser power was adjusted using various neutral density (ND) filters. An overview of the 
configuration used for measurement and the calibration of the instrument is shown in Fig. 
2-5-1. The power of the excitation beam was measured during the duration of the 
measurement (130 times greater than the incident power on the sample) and was calibrated 
at high illumination intensity using a photodiode power meter (ThorLabs S120C). 
However, in order to accurately measure low (< 100 pW) excitation power, lock-in 
detection from the output of a calibrated photodiode was used (noise equivalent power of 
1.7×10-13 WHz-1/2). These values were carefully cross calibrated before all measurements 
at multiple laser powers to ensure the incident power was accurately measured. The laser 
beam was focused onto the sample using a 60× ultra-long working distance (ULWD) 
objective lens (NA = 0.7) which resulted in a measured spot size of 3.8 μm2. PL was 
collected by the same microscope objective, passed through a 550 nm dielectric longpass 
filter to remove the excitation signal, dispersed by an f = 340 mm spectrometer with either 
a 150 g/mm or 600 g/mm grating, and detected by a Si CCD camera (Andor iDus BEX2-
DD). The CCD background was obtaining by collecting a spectrum before each 
measurement at the same integration time without the laser on and was subsequently 
subtracted from the PL spectrum. We calculated the error in the integrated counts using: 
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where δN is signal to noise ratio, N is the total PL counts, npix is the number of pixels, nb is 
the uncertainty from the background estimation, and NRO is the readout noise. 

Prior to measuring, the entrance slit of the spectrometer was opened until the 
maximum number of PL counts was obtained. All measurements were performed using 
linearly polarized excitation, negating any effects from intervalley scattering by 
maintaining equivalent population in two valleys. 

The spectrometer wavelength was calibrated using the atomic emission peaks from 
Ar and Kr lamps (Newport). The systems’ relative sensitivity versus wavelength 
(instrument function) was evaluated by measuring the response of a virtual Lambertian 
black body light source created under the objective via illumination from a temperature 
stabilized lamp (ThorLabs SLS201) imaged onto a diffuse reflector (> 1 cm thick 
spectralon) surface. The system efficiency was calibrated immediately after each 

(2-5-1) 
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measurement by removing the 550 nm long pass filter and measuring the response of the 
excitation laser focused on the diffuse reflector (> 1 cm thick spectralon). This is a 
reasonable simulation of the PL source, as the emission profile of 2D materials has recently 
been experimentally measured and is approximately Lambertian. The pump-power 
dependence is converted to external quantum efficiency (EQE) by dividing by the absorbed 
pump power (P), i.e.: PPLQY /= . 

Two independent approaches were used to verify the system calibration. First, to 
remove the possibility of errors due to the confocal nature of the spectral measurement, 
which is strongly dependent on the objective focus and the solid angle covered by the 
collection cone, we cross-calibrated using a calibrated silicon photodiode which was able 
to view a fraction of the luminescence but is independent of microscope optical path as 
depicted in Fig. 2-5-1; due to the relatively low sensitivity of the photodiode, these 
measurements were only performed at higher excitation power (> 10 W/cm2). Calibrations 
were also performed using a sample with a known QY close to 100% (rhodamine 6G in 
methanol) using a procedure which has previously been used to measure the QY of 2D 
materials. These three methods were found to be in good agreement with each other (< 
15% error). For measurements taken against the spectralon reference the percent of 
generated photons which are able to escape from the sample was calculated using 1/4n2, 
where n is the refractive index of the medium, this was used to determine the QY from the 
measured EQE.  

The error in the QY measurements was calculated from the uncertainty in the laser 
power measurement, CCD signal, and the absorption coefficient. The overall error bounds 
for the measurement are given by: 
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where, P and δP is the measured laser power and the corresponding uncertainty, N and δN 
is the measured CCD counts and corresponding uncertainty, and α and δα is the absorption 
coefficient at 514.5 nm and the corresponding uncertainty. 
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Fig. 2-5-1. Schematic of the optical setup used to measure external quantum 
efficiency. (A) Optical setup used to measure PL spectrum as well as calibration via a R6G 
film. (B) Optical setup used for calibrating the absolute collection efficiency via a near 
ideal diffuse reflector. 
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Micro-Absorption and Reflection Measurements 

Two sets of absorption/reflection measurements were performed for monolayer 
MoS2 on quartz substrates both before and after treatment. First the absolute absorption at 
the PL excitation wavelength (514.5 nm) was measured using lock-in detection; a 
schematic of the setup is shown in Fig. 2-5-2A. The extracted absorption value of 
7.53±0.23% is used for the QY calculations. Illumination from a supercontinuum laser 
source (Fianium WhiteLase SC-400) was used to obtain an absorption spectrum (total 
incident power << 1 W/cm2). Either the reflected or transmitted light was guided to a 
spectrometer to analyze the full spectrum. A schematic of the setup is shown in Fig. 2-5-
2B. In both cases the light was focused on the sample using a 50× objective, the reflected 
light was collected via the same objective and the transmitted light was collected by a 20× 
objective. The system was calibrated using quartz and silver as reference transmission and 
reflectance standards. The reported generation rates (steady-state measurements) and initial 
carrier densities (time-resolved measurements) are calculated from the number of incident 
photons per unit area and the absorption. 

Other Optical Methods 

All measurements were taken starting from the lowest laser power and were stopped 
at a maximum power (10 μW) approximately one order of magnitude lower than what was 
found to cause sample degradation. The TFSI treated samples in particular were found to 
be sensitive to high illumination powers. An important consideration for MoS2 is that the 
thickness of the sample (0.7 nm) is significantly less than the emission wavelength, thus 
the refractive index of the surrounding medium will determine the optical mode density 
and influence the measured lifetime according to the Füchtbauer-Ladenburg equation: 
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which is an extension of the Einstein A and B coefficients where τr is the radiative lifetime, 
n is the refractive index of the medium, c is the speed of light in vacuum, σem is the emission 
cross-section, and λ is the wavelength of spontaneous emission. Therefore, we utilized 
quartz substrates for all measurements where an absolute QY and/or radiative lifetime is 
reported. It is important to note that in the case of samples with low luminescence (< 10% 
QY) the measured lifetime will be dominated by the non-radiative lifetime (τnr) and 
therefore approximately equal to τnr, ergo this effect will not play a dominant role. 

(2-5-3) 
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Fig. 2-5-3. Schematic of the optical setup used to measure absorption. (A) Optical setup 
used to measure the absorption at 514.5 nm. (B) System configuration used to measure the 
full absorption spectrum via separately measuring the transmitted and reflected light from 
a white laser source. 
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Raman spectra was measured with a triple spectrometer configured in subtractive 
mode with a 2400 g/mm grating in the final stage and using the 514.5 nm line of the Ar ion 
laser as the excitation source. PL imaging was performed using a florescence microscopy 
setup with a 470 nm LED excitation source (operating at 200 mA) and a CCD detector 
(Andor Luca). The background counts were subtracted from the PL images and cosmic 
rays were removed using a software filter; the images were then normalized by integration 
time. High resolution PL mapping was performed using a WITec Alpha 300RA equipped 
with a piezo electric scanning stage. The sample was excited using the 532 nm line of a 
frequency-doubled Nd:YAG laser as the excitation source and focused on the sample using 
a 100× objective. 

For time-resolved photoluminescence performed on treated MoS2, the sample was 
excited pulsed light at 5 MHz generated by a supercontinuum laser source (Fianium 
WhiteLase SC-400) (20-30 ps pulse width). A wavelength of 514 nm (2 nm measured 
bandwidth) was selected with a monochrometer and was subsequently sent through a 
bandpass filter to remove any stray leakage light. The excitation was linearly polarized and 
focused on the sample with a 60× objective. The signal was detected with a low dark count 
avalanche photodiode operating in single photon counting mode (IDQuantiqe) and 
analyzed using a time correlated single photon counting module (TCSPC) (Becker-Hickl 
GmbH). The instrument response was 110 ps and the data was fit by deconvolution from 
the instrument response to a single exponential decay; the reported errors are the 
uncertainty from fitting. Due to the extremely short lifetime of as-exfoliated MoS2 
monolayers, time-resolved measurements were also performed via a synchroscan streak 
camera (Hamamatsu) with an overall time resolution of 2 picoseconds as shown in Fig. 2-
5-3.  The sample was excited by 560 nm light generated by an optical parametric oscillator 
(Spectra Physics, Inspire HF 100) pumped by a mode-locked Ti:sapphire oscillator. The 
laser pulse width was 200 femtoseconds, and the repetition rate was 80 MHz. The linearly 
polarized excitation light was guided to an inverted microscope and focused on the sample 
by a 50× objective. The emission signal was detected in the back scattering configuration 
using emission filters to block the excitation laser prior to collection.  

The band edge tail D(υ) (also known as the Urbach tail) can be related to the photon 
emission rate per unit energy at steady-state conditions by the van Roosbroeck-Schockley 
equation: 
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where, h is the Plank constant, k is the Boltzmann constant, T is temperature, and nr is the 
real part of the refractive index. From this we can extract the Urbach parameter, E0 
(characteristic width of the absorption edge) using: 

(2-5-4) 



51 
 

( ) ( ) 0/
0

EEh geDhD −= 
  

where Eg is the bandgap.  

Sample Preparation and Solution Treatment Procedure 

MoS2 (SPI Supplies), WS2, WSe2, and MoSe2 (HQ Graphene) was mechanically 
exfoliated on either quartz for quantum yield (QY), lifetime, and absorption measurements 
or on SiO2/Si substrates for imaging, electrical, and Raman characterization. Monolayers 
were identified by optical contrast and atomic force microscopy (AFM). The treatment 
procedure with bis(trifluoromethane)sulfonimide (TFSI) is as follows: 20 mg of TFSI, 
(Sigma-Aldrich) was dissolved in 10 ml of 1,2-dichloroethane (DCE) (Sigma-Aldrich) to 
make a 2 mg/ml solution. The solution is further diluted with 1,2-dichlorobenzene (DCB) 
(Sigma-Aldrich) or DCE to make a 0.2 mg/ml TFSI solution. The exfoliated sample was 
then immersed in the 0.2 mg/ml solution in a tightly closed vial for 10 min on a hotplate 
(100°C). The sample was removed and blow dried with nitrogen without rinsing and 
subsequently annealed at 100°C for 5 min. Depending on the initial optical quality of the 
sample, the treatment sometimes needed to be repeated to obtain > 95% QY. As a control 
experiment we studied N-phenyl-bis(trifluoromethane)sulfonimide (Ph-TFSI) which was 
prepared using the following procedure: 25 mg of Ph-TFSI (Sigma-Aldrich) was dissolved 
in 10 ml of DCE (Sigma-Aldrich) to make a 2.5 mg/ml solution. The solution is further 
diluted with DCB (Sigma-Aldrich) to a 0.25 mg/ml solution. The exfoliated sample was 
immersed in the 0.25 mg/ml solution in a tightly capped vial for 10 min on a hotplate (100 
°C). The sample was removed and blow dried with nitrogen without rinsing and 
subsequently annealed at 100°C for 5 min. Prior to treatment, samples were annealed in 
forming gas (5% H2, 95% N2) at 300°C for 3 hours; while this does not significantly affect 
the QY after treatment it was found to significantly improve the long term stability of the 
sample. It is important to note that there is a large variation in the QY of as-exfoliated 
monolayer samples (with peak QY ranging from 0.1% to 1%). All data taken on as-
exfoliated monolayers in this manuscript are representative of samples with a peak QY 
close to 1%. 

MoS2 Film Growth 

Monolayer MoS2 triangular domains and films were grown, either on quartz or 
SiO2/Si substrates, by atmospheric pressure CVD. Prior to growth, the substrates were 
cleaned in a piranha for 15 minutes followed by a 5 minute soak in dionized (DI) water, 
acetone, and isopropyl alcohol. Afterwards, 40 μL of perylene-3,4,9,10-tetracarboxylic 
acid tetrapotassium salt (PTAS) was spin coated on each sample as a seeding layer for the 
growth. A schematic of the CVD furnace used to grow the films is shown in figure 2-3-1a. 
The sulfur precursor (15-33 mg) was loaded in an alumina boat and placed in a region 
outside of the furnace, where the temperature could be controlled by a heating tape. The 
sulfur precursor temperature was varied from 200ºC-300ºC to grow the various triangular 
domains and films investigated in this study. MoO3 powder (18-20 mg) was added to a 
second alumina boat and four PTAS-coated substrates were placed on top of the alumina 
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boat facing up. This boat was loaded into the center of the furnace for growth. The growth 
process was performed in a tube furnace at a sample temperature of 700ºC for growth 
involving SiO2/Si substrates and 750ºC for quartz. The growth was carried out for 10 
minutes, during which argon (5 sccm) was used as a carrier gas. An argon flow rate of 200 
sccm was used before the growth to purge the tube and after to quench the growth process.  

 The resulting MoS2 was transferred from the original growth substrate to a quartz 
substrate using poly(methyl methacrylate) (PMMA) mediated transfer. A film of 495 
PMMA A11 was spun onto the samples and was allowed to dry in air overnight. The 
PMMA at the edges of the samples was then removed and the samples were placed in 
diluted hydrofluoric acid (10:1) to etch the oxide. After the substrate was either etched or 
released (the total etch time varied from 1-10 hours), the PMMA/MoS2 film was placed in 
several subsequent water baths, and was ultimately transferred to the final quartz substrate. 
The film was allowed to dry for 12 hours, and then the PMMA was removed in hot acetone 
and the substrate was rinsed with isopropyl alcohol. 

WSe2 Film Growth 

WSe2 was grown on several substrates with varying thermal expansion coefficients 
using chemical vapor deposition. Substrates were first cleaned by sonication in acetone and 
isopropyl alcohol for 10 minutes. The growth was carried out using a two-heating zone 
furnace (DaePoong Industry, 50602). The cleaned substrates were loaded into the 
downstream zone, and a ceramic boat containing mixture of WO3 and KBr was then placed 
next to the substrates. KBr was mixed with WO3 at a ratio of 1:2, with the KBr acting as a 
promoter for the growth. This is similar to methods described in reference 32; however, we 
found that several salts can be used, and play a significant role in determining the ultimate 
sample morphology. A ceramic boat containing 500 mg Se powder was placed in the center 
of the upstream zone. After loading, the quartz tube was evacuated, and Ar was introduced 
at 60 sccm resulting in a pressure of 2.6 Torr. The temperature of upstream zone was then 
ramped to 100°C, and the downstream furnace was subsequently ramped to a setpoint of 
825°C. The set point of the upstream zone was adjusted such that the residual heat from 
the downstream zone results in vaporization of Se. Once the temperature of downstream 
furnace was stabilized, hydrogen was introduced at a flow rate of 40 sccm (total pressure 
of 3 Torr). This initiates the growth as the presence of hydrogen is required to decompose 
and vaporize WOx33. The typical growth time used was 15 minutes. Once the growth is 
complete, hydrogen flow was stopped, and the furnace was opened to rapidly cool the 
sample. Specific growth conditions were tuned to optimize the photoluminescence 
quantum yield of the as-grown samples and to either promote growth of bilayer or 
monolayer domains. It should be noted that for growths where the substrate temperature 
was varied the WO3/KBr boat was placed in the center of the first heating zone and the Se 
boat was placed at the edge of the first heating zone. The substrates were placed in the 
center of the second heating zone. The position of Se boat was adjusted to control the 
temperature. Transfer of grown WSe2 is done using a HF based wet transfer technique with 
PMMA as the transfer medium. 
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Fig. 2-5-3. As-exfoliated MoS2 time-resolved luminescence. Photoluminescence decay 
spectrum for as-exfoliated MoS2 measured at multiple excitation powers using a streak 
camera (2 ps time resolution). 
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Chapter 3 

Light emitting devices based on 2D semiconductors 

 

3.1 – Pulsed electroluminescence in monolayer semiconductors5 

 

A key limitation in previously demonstrated steady-state monolayer light emitting 
devices is the restrictions posed by Schottky contacts or requirement of complex 
heterostructures to achieve injection of electrons and holes. We demonstrate a transient-
mode electroluminescent device based on transition-metal dichalcogenide monolayers 
(MoS2, WS2, MoSe2 and WSe2) to overcome these problems. Electroluminescence from 
this dopant-free two-terminal device is obtained by applying an AC voltage between the 
gate and the semiconductor. Notably, the electroluminescence intensity is weakly 
dependent on the Schottky barrier height or polarity of the contact. We fabricate a 
monolayer seven-segment display and achieve the first transparent and bright millimeter-
scale light emitting monolayer semiconductor device.  

Transition metal dichalcogenides (TMDCs) such as WSe2 and MoS2 are 
semiconducting analogues of graphene, and are candidate materials for next generation 
optoelectronic and electronic devices1-5. Their unique properties include naturally 
terminated surfaces at the monolayer limit (~0.7 nm), which when coupled with 
appropriate passivation of defect sites can result in near-unity photoluminescence (PL) 
quantum-yield (QY)3,6. In addition, monolayer TMDCs display a myriad of attractive and 
unique physical properties including the lack of inversion symmetry, chiral light emission, 
and the ability to form heterostructures without the need for lattice matching7-9. Recent 
advances in the synthesis of high quality TMDCs via chemical vapor deposition (CVD) 
demonstrate their potential for scalability10,11. The high PL QY and sub-nanometer 
thickness of TMDCs can be leveraged to develop large-area, transparent and efficient light 
emitting devices3,6. However, despite their exceptional material properties, a key challenge 
for TMDC light emitting devices to date has been the formation of ohmic contacts to 
electrons and holes in the same device. Ohmic contacts in traditional light emitting diodes 
(LEDs) are essential to minimize resistive losses and achieve high injection levels12. In 
previous works, steady-state electroluminescence (EL) was obtained in TMDCs using p-n 
junctions formed via electrostatic or chemical doping13-15. More recently, EL from complex 
quantum well heterostructures utilizing graphene with hexagonal boron-nitride tunnel 
barriers has been demonstrated16,17. However, the lack of suitable bipolar ohmic contacts 
remains to be a significant issue, ultimately limiting the performance of TMDC light 
emitting devices1. 

                                                           
5Reproduced with permission from D.-H. Lien, M. Amani, S.B. Desai et al., Nature 
Communications, 9, 1229, 2018. Copyright © [2018] Springer Nature. 



55 
 

Inspired by the first electroluminescent device, the light-emitting-capacitor18-21, we 
achieve efficient bipolar carrier injection and light emission in TMDCs via transient mode 
operation using a single metal-semiconductor contact (source). In this two-terminal device, 
the source is grounded and an AC voltage is applied to the gate electrode. Alternating 
electron and hole populations are injected into the monolayer TMDC from the source 
contact. Notably, the carrier injection is weakly dependent on the Schottky barrier height 
(φB) (i.e. polarity of the contact) because of the large tunneling currents present at the 
source during the gate voltage (Vg) transients. The transient-electroluminescent (t-EL) 
device achieves bright EL at high injection levels. We demonstrate a millimeter scale 
device with bright EL (peak power of 193 μW cm-2) from a ~0.7 nm thick monolayer in 
ambient room lighting. Finally, we show a large area device fabricated on a quartz 
substrate, which is transparent in the off-state by using indium tin oxide (ITO) electrodes.  

Figure 3-1-1a shows a schematic of the t-EL device, consisting of a monolayer 
TMDC on a heavily doped silicon substrate (gate) with a 50 nm thick SiO2 layer as the gate 
oxide. The TMDC is contacted with one metal electrode (source), and a bipolar square 
wave is applied between the gate and source. As shown in Fig. 3-1-1b, EL is only observed 
near the source contacts and the emission region laterally extends from the contact edge by 
~3 μm. We fabricated devices based on four of the most heavily studied monolayer TMDCs 
by employing this generic device structure, specifically: WS2, MoS2, WSe2 and MoSe222,23. 
All four of the studied materials show EL, with the spectral emission shape closely 
matching their respective PL (Fig. 3-1-1c).  
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Fig. 3-1-1 Transient EL in TMDCs. a Schematic of the t-EL device. An AC voltage is 
applied between the gate and source electrodes and emission occurs near the source contact 
edge. b Optical and EL image of a WSe2 device, showing that emission is only observed 
near the grounded source contacts. Scale bar is 10 μm. c EL and PL spectra measured for 
MoSe2, WSe2, MoS2 and WS2 monolayer devices. 
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Fig. 3-1-2 Operation mechanism. a Time-resolved electroluminescence and the 
corresponding Vg, showing that EL occurs at the Vg transients (time points 2 and 4). b Band 
diagrams at different times during the operation cycle, corresponding to panel A. EFn and 
EFp indicate the quasi-Fermi levels for electrons and holes respectively. c Vg pulse applied 
to the simulated device and the corresponding electron/hole density and radiative 
recombination rate. Simulations were performed for material parameters corresponding to 
WSe2 using a 50 nm thick gate oxide and Vg = ±6 V.  
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We performed time-resolved electroluminescence (TREL) measurements to 
understand the dynamic performance and the mechanism of light emission in the t-EL 
device. The measured TREL from a WSe2 device and the corresponding Vg square wave 
are shown in Fig. 3-1-2a. Pulsed EL is observed at each Vg transition and has a full width 
half maximum of 8 ns. EL emission in the device increases linearly with frequency (f), with 
no changes in spectral shape. Note that the EL is stable with a variation (~±25%) in 
intensity over time. The emission mechanism can be elucidated from the sequence of 
simulated energy band diagrams shown in Fig. 3-1-2b, as well as the carrier densities and 
radiative recombination rate shown in Fig. 3-1-2c. When Vg is held at -6 V, the hole density 
in the semiconductor is large and approaches its steady-state value (p0 ~ 1.9×1012 cm-2). 
When Vg is switched to +6 V the field across the capacitive component of the device (i.e. 
SiO2 gate dielectric) cannot change instantaneously. As a result, the applied voltage is 
dropped across the resistive parts of the device including the semiconductor and the source 
contact, but is dominated by the latter. The large voltage drop and the steep energy band 
bending at the Schottky contact lead to large transient tunneling currents. Injected electrons 
diffuse inward while holes exit the semiconductor through the contact or recombine with 
incoming electrons. Thus, the hole density shows a continuous decrease whereas the 
electron density in the semiconductor increases until it reaches its steady-state value (n0 ~ 
1.9×1012 cm-2). At steady-state, the band bending in the semiconductor and at the contact 
decreases and the tunneling currents subside. The excess electron and hole populations 
simultaneously present (large quasi-Fermi level splitting) during the AC transient result in 
pulsed light emission. Similarly, this mechanism can also explain the emission from the 
device during a -6 V to +6 V Vg transient. The large transient tunneling currents in the t-
EL device allow for efficient modulation of the carrier densities in the semiconductor, 
surmounting the large Schottky barriers typically associated with non-ohmic contacts to 
TMDCs.  

The impact of φB on transient carrier injection and light emission is further studied 
by fabricating WSe2 devices with electrodes prepared by sputtering (ITO), thermal 
evaporation (Au, Ag, Ni, MoOx), as well as transferred van der Waals few-layer graphene 
contacts. The different contacts result in ~3 orders of magnitude variation in the on-current 
when the device is configured as a transistor. However, the corresponding t-EL devices 
show a maximum variation in the integrated emission intensity of only ~4× (Fig. 3-1-3a). 
TCAD simulations similarly show negligible difference in integrated EL for varying φB 
over the range of ohmic (φB = 0.05 eV) to mid-gap (φB = Eg/2). The relative intensity of 
emission during the two Vg transients, however, does vary for devices with varying φB. As 
shown in the TREL of a hole selective contact device, the EL intensity at +Vg to -Vg 
transient is stronger than the other transient. This is consistent with simulation results and 
discussed in section 3.3. In addition to the effect of φB, we also studied the dependence of 
EL on varying Vg (Fig. 3-1-3b and Fig. 3-1-4). EL is observed from the device when Vg is 
greater than the turn-on voltage (Vt), whose precise value is dependent on the bandgap (Eg) 
of the material and parasitic resistances in the device. We experimentally observe a higher 
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Vt for WS2 (4.1 V) as compared to WSe2 (2.0 V) which is qualitatively consistent with the 
larger Eg of WS224.  

The efficiency in traditional light emitting devices is defined as the number of 
emitted photons over the total current. However, for the t-EL device, transient current 
measurement is challenging due to device and measurement setup parasitic capacitances 
as well as the high slew rate (1.6 V ns-1) of the Vg square wave. Given this limitation, we 
define EL internal efficiency (ηi) based on the total steady-state carrier concentration, 
which represents the maximum number of carriers which can undergo radiative 
recombination in a given Vg cycle. The efficiency is thus defined as: 𝜂𝑖  =

photons/cycle

(𝑛𝑜+𝑝𝑜) ×Area
. 

The sum of the steady-state concentrations, (n0+p0) is given by Cg(2Vg-Eg q-1)q-1. Here, n0 
and p0 are the steady-state electron and hole concentrations corresponding to a positive and 
negative Vg respectively, Cg (69.1 nF cm-2 for 50 nm SiO2 gate oxide) is the areal gate 
capacitance and q is the elementary charge. The analytical value of n0+p0 closely matches 
that from simulations at sufficiently high Vg (Fig. 3-1-2c and Fig. 3-1-3). ηi approaches 
100% for the case where the PL QY is unity and all the steady-state carriers present in the 
device undergo recombination during a Vg transient. In practice, PL QY may not be 100%, 
and only a fraction of the steady-state carriers will undergo recombination in the 
semiconductor, while the remainder exit through the contact due to the finite slew rate of 
the AC source. Further details on the efficiency calculation are provided in section 3-3.  
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Fig. 3-1-3 Contact and voltage dependence. a EL from WSe2 devices fabricated using 
various source contacts. Error bars show the standard deviation of EL intensity measured 
from at least five different devices. Inset shows Id-Vg characteristics of WSe2 devices 
contacted by Ag, Ni and few-layer graphene source electrodes. b Voltage dependence of 
EL for WSe2 and WS2 devices (WS2 before and after superacid treatment). c PL QY and 
EL internal efficiency measured for a WSe2 device and a superacid-treated WS2 device as 
a function of injected carrier concentration.  
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Fig. 3-1-4 Vg dependence of EL characteristics. EL measured for a WS2 device before 
(a), and after superacid treatment (b), as well as a WSe2 device (c), as a function of injected 
carrier concentration. Note that Vt for the WSe2 and WS2 devices are 2.0 V and 4.1 V, 
respectively. 
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Fig. 3-1-5 Quasi-steady-state PL QY. (a) QY measured as a function of incident average 
power for a CW laser and a pulsed laser with repetition rates of 0.2, 2, and 20 MHz; 
excitation wavelength is 514 nm in all cases. (b) Quasi-steady-state QY as a function of 
incident carrier concentration from measurements shown in panel (a); dashed line shows 
recombination model. (c) Modeled recombination for steady state (purple) and quasi-
steady-state (black) excitation. 
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The WSe2 t-EL device at n0+p0 = 2.1×1012 cm-2 (calculated for Vg = 3.2 V and Eg = 
2.34 eV) has an EL external efficiency (ηe) of 0.01%24. The ηi of this device is extracted 
from ηe by considering the escape cone and optical interference from the Si substrate with 
a 50 nm SiO2 layer3,25. Using this method, we calculate ηi of ~0.06%. To contrast the 
performance of the t-EL device relative to the PL QY of the material, the steady-state and 
quasi-steady-state PL are measured using a continuous-wave and pulsed laser respectively 
(Fig. 3-1-3c and Fig. 3-1-5). The droop observed in PL QY at high injection levels has been 
previously attributed to biexcitonic recombination in 2D semiconductors3,6. The calculated 
ηi for WSe2 ~ 0.06% has an upper bound equal to the PL QY of the material (~ 0.3%) (Fig. 
3-1-3c). The efficiency of the device can be improved by utilizing a material with a high 
PL QY. We fabricated WS2 devices where the semiconductor surface is passivated using a 
non-oxidizing organic superacid: bis(trifluoromethane)sulfonimide, which has been shown 
to enhance the PL QY at low injection levels (< 109 cm-2) to > 95%3,6. In this superacid-
treated device, we obtain a peak ηe of ~0.27% at n0+p0 ~3.8×1012 cm-2 (calculated for Vg = 
5.8 V and Eg = 2.88 eV), corresponding to ηi ~1.2%24. We note that the ηi is still 
significantly limited by the PL QY droop at high injection levels (3.4%) (Fig. 3-1-3c). The 
effect of biexcitonic recombination on the PL QY is shown in Fig. 3-1-5. This indicates 
that for pump levels in the range of 1012 cm-2, WS2 which has a Cbx of ~0.1 cm2 s-1, ηe can 
be improved to ~40% by sufficiently lowering Cbx. The next phase for improving the 
efficiency involves engineering the radiative lifetime and biexcitonic recombination rate 
by properly selecting the substrate and/or top coating. Similar efforts are made in III-V thin 
film devices, where the radiative recombination rate is highly dependent on the optical 
mode density and refractive index of the medium26.  

To demonstrate the versatility of this transient injection mechanism, we fabricated 
the first display using TMDCs as the light emitting material. A seven-segment display was 
fabricated using monolayer WSe2 with Ni contacts. An optical image and the 
corresponding PL image of the display are shown in Fig. 3-1-6a and 3-1-6b respectively. 
By grounding the source electrodes of individual elements in the display sequentially, we 
show that we can dynamically display the letters C-A-L. Furthermore, we show that the t-
EL device can be readily scaled to millimeter dimensions by using large-area monolayer 
films of WSe2 grown by CVD11. In order to maximize the light emitting area, a Ni electrode 
is patterned in a grid structure with a line spacing of 8 μm (corresponding to ~2× of the 
emission FWHM). As a result, the EL from each contact edge fills the active area as shown 
schematically in Fig. 3-1-4d. The final device was then packaged in a standard chip carrier. 
Figure 3-1-6e and 3-1-6f show photographs of a 3 mm × 2 mm device in operation under 
room-lights. The average and peak output power of the device operating at f = 400 kHz, 
was measured directly using a power meter to be 0.62 μW cm-2 and 193 μW cm-2 
respectively. This shows that a monolayer semiconductor has the potential to be used in 
display and lighting applications. Finally, we demonstrate that the device can be made 
transparent as shown in Fig. 3-1-6g. This device is fabricated on a fused quartz substrate, 
utilizing ITO as the gate and source electrodes and Al2O3 as the gate dielectric. Photographs 
of a transparent device in the off- and on-state are shown in Fig. 3-1-6h,i respectively.  
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Fig. 3-4-6 Seven-segment display and millimeter-scale t-EL device. a Optical 
microscope image and b, photoluminescence image of a seven-segment t-EL display. c 
Operation of the seven-segment display showing EL in the shape of C-A-L. d Schematic 
of a millimeter-scale device, showing the grid source electrode structure to increase active 
emission area. e, f Photograph of a packaged, 3 mm × 2 mm, device in the off- (e) and on- 
(f) state. g Photograph of a millimeter-scale transparent device. h, i Photograph of a large 
area (3 mm × 2 mm) transparent device in the off- (h) and on- (i) state. 
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In summary, we have demonstrated bright EL at high injection levels using transient 
mode operation via a simple dopant-free device which does not require complex 
heterostructures to achieve light emission. EL from this device is weakly dependent on the 
Schottky barrier height or polarity. The transient EL concept demonstrated in this work can 
be extended to large bandgap materials in the future, for which achieving ohmic contacts 
to both carrier types is particularly challenging. We show that this device structure can be 
scaled-up to obtain light emission on millimeter length scales. The ability to realize large-
scale light emission from monolayer semiconductors opens numerous potential 
opportunities in the field of 2D materials and can lead to the realization of transparent 
displays. Our results also suggest that the main factors limiting the performance of the t-
EL device is PL QY droop due to biexcitonic recombination. The device performance can 
be further improved through engineering of the optical medium3,25. Finally, unlike 
traditional LEDs, the exposed light emitting surface of these devices also permits for the 
direct integration of plasmonic structures, nano-antennas, and photonic crystals, which 
could allow for the fabrication of high-speed devices or the development of electrically 
pumped 2D lasers27-29. 
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3.2 – Tunable black phosphorous light emitting diodes 

 

Unlike the majority of 2D materials, which are only direct bandgap at the monolayer 
limit, black phosphorous (bP) maintains a direct bandgap for all thicknesses, which ranges 
from 1.4 to 0.3 eV1-6. In this work we leverage this property to demonstrate the first light 
emitting diodes (LEDs) based on bP/MoS2 heterostructures. We show that the emission 
wavelength of bP/MoS2 LEDs can be tuned from 0.94 to 4.5 µm by varying bP thickness. 
This efficient and tunable emission enables the use of bP/MoS2 LEDs in non-dispersive-
infrared (NDIR) gas sensors. Furthermore, we obtain a peak external quantum efficiency 
(EQE) of 4.4% and internal quantum efficiency (IQE) of 19.3% at an emission wavelength 
of 3.7 µm. Notably this is the highest EQE for an LED reported in the mid-wave infrared7-

9 and is enabled due to the low Auger recombination coefficient of bP compared to other 
small bandgap III-V semiconductors. 

Most infrared light sources operating in the mid- and long-wave infrared are based 
on thermal emitters, which have poor efficiency, limited brightness, and modulation speed. 
Despite such drawbacks, these devices find use in a variety of applications, the most 
notable of which is spectroscopy. In the search for an alternative, significant research has 
been performed on solid-state infrared light sources, the most notable of which are 
quantum/interband cascade lasers QCL/ICLs10-12 and LEDs7-9. These devices provide 
tunable, bright, and spectrally narrow emission which can be modulated at high 
frequencies. While recent works have shown dramatic improvements in the efficiencies of 
QCLs and ICLs (with wall plug efficiencies approaching 30% at room temperature)11 their 
wide spread use is limited due to the stringent requirements concerning the growth of the 
semiconductor materials on which they are based, which lead to exceptionally high costs. 
Infrared LEDs have dramatically lower costs than QCL/ICLs while still providing high 
speed, brightness, and narrow spectral emission, but tend to have poor EQE13. This is due 
to the high Auger recombination velocities in the narrow gap III-V and II-VI 
semiconductors (i.e. InSb or HgCdTe)13 employed for these devices. Non-traditional 
material systems such as quantum dots have also been used for infrared light emitters, but 
these devices have only been demonstrated for wavelengths up to 2 µm, and do not cover 
longer wavelengths14-16. 
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Fig. 3-2-1. Auger and radiative lifetimes as a function of carrier concentration (n = ni+Δn) 
for a, bP, b, InAs, and c, InSb. The intrinsic carrier concentration as well as the intrinsic 
radiative lifetime is indicated in the figures for each material. 

 

Fig. 3-2-2. a, Temperature dependent photoluminescence spectra of a bulk bP crystal (~220 
nm thick) at an excitation power of 317 W cm-2. b, PL measured as a function of pump 
fluence at 293K. c, PL measured as a function of pump fluence at 78K. 
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Fig. 3-2-2 Mid-infrared bP/MoS2 light emitting diodes. a, schematic of device 
configuration, showing the bP/MoS2 heterojunction and Au/Al2O3 back reflector structure. 
b, Optical micrograph of a completed device. The bP/MoS2 heterojunction is outlined for 
clarity. c, EL image of the device shown in panel b, obtained using a 128×128 MCT focal 
plane array coupled to an infrared microscope at a forward current density of 118 A cm-2. 
d, Typical J-V characteristics obtained from various bP/MoS2 diodes with varying bP 
thickness. The R0A product for all devices investigated here as a function of bP thickness 
studied is shown in Fig. 3-2-2. e, Measured EL and photoresponse spectrum for a bP/MoS2 
heterojunction with a 43 nm thick bP layer. 
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Some of the drawbacks in III-V/II-VI infrared LEDs can potentially be overcome 
by 2D materials. Unlike their three-dimensional counterparts, 2D systems possess no 
surface dangling bonds as their surfaces are covalently terminated, minimizing the impact 
of surface recombination and leading to high photoluminescence (PL) quantum-yields 
(QY)3. This property provides 2D materials with a distinct advantage for applications such 
as electronics, where thinner semiconductor layers permit extreme device scalability4, and 
optoelectronics, where the dramatic reduction in surface recombination velocity can allow 
for PL QY approaching unity3. One of the most exciting 2D materials which has been 
studied extensively over the past several years is bP5,6,17. Unlike other 2D semiconductors, 
i.e. MoS2 or WSe2, bP maintains a direct bandgap for all thicknesses, which can be tuned 
from 0.3 eV in bulk to 1.4 eV at the monolayer limit5,17. Furthermore, multiple studies have 
suggested that bP possesses Auger recombination velocities which are several orders of 
magnitude lower than III-V semiconductors. Auger lifetimes (τa) are strongly dependent 
on bandgap, effective masses, and temperature, and this relationship can be described by: 

𝜏𝑎 ∝ exp(𝑎𝐸𝑔k𝑏𝑇) 

where a is a constant depending on the effective masses for electrons and holes (𝑚𝑒
∗  and 

𝑚ℎ
∗ , respectivly) as (𝑚𝑒

∗/𝑚ℎ
∗ )/[1 + (𝑚𝑒

∗/𝑚ℎ
∗ )]. As a result Auger recombination becomes 

significant in small bandgap III-V semiconductors with large effective mass disparities for 
the two carrier types. The recombination kinetics for these narrow bandgap material 
systems with low exciton binding energies can be described by a traditional ABC model, 
where A is Schockly-Reed-Hall recombination, B is bimolecular radiatiative 
recombination, and C is Auger recombination. In steady state, total generation (G) is equal 
to recombination (R) and is balanced according to: 

𝐺 = A
𝑛𝑝 − 𝑛𝑖

2

𝑛
+ B(𝑛𝑝 − 𝑛𝑖

2) + 𝐶[𝑛(𝑛𝑝 − 𝑛𝑖
2) + 𝑝(𝑛𝑝 − 𝑛𝑖

2)] 

where, n, p, and ni, are the excess electron, hole, and intrinsic carrier concentrations 
respectively. Importantly, the intrinsic carrier concentrations for narrow gap materials near 
room temperature are high (2.5×1015 cm-3 for bulk bP) and cannot be neglected. From the 
rate equations the effective radiative (τr) and Auger lifetimes can be calculated according 
to: 

𝜏𝑟 = [B(𝑛 + 𝑝 + 2𝑛𝑖)]
−1 

𝜏𝑎 = [𝑛C(𝑝 + 𝑛𝑖) + 𝑝C(𝑛 + 𝑛𝑖)]
−1 

and is shown in Fig. 3-2-1 for bulk bP (Eg = 320 meV), InAs (Eg = 354 meV), and InSb (Eg 
= 170 meV), with the respective recombination parameters and the ni shown in Table 3-2-
1. Note that the effective lifetime τeff  is given by τr τa /( τr + τa). It can be immediately 
observed that the room temperature recombination in InAs and InSb is dominated by the 
effects of Auger recombination even at low excess carrier concentrations. As a result, bP 
exhibits strong PL even for thick layers as shown in Fig. 3-2-2. Despite extensive previous 
work on bP based transistors18,19 and photodetectors20-22, electrically pumped light 

(3-2-1) 

(3-2-2) 

(3-2-3) 

(3-2-4) 
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emission has yet to be realized. Here, we utilize bP/MoS2 heterojunctions to achieve 
electroluminescence (EL) from bP layers of varying thickness. A schematic of the device 
structure and an optical image of a typical device are shown in Figure 3-2-3a and 3-2-3b, 
respectively. The device consists of a bP/MoS2 heterojunction where both the MoS2 (10-
15 nm thick, which acts as the electron selective contact) and bP are contacted by Ni 
electrodes. To increase the current spreading over the heterojunction area and to reduces 
series resistance losses, additional Ni electrodes are placed over the MoS2 on the 
heterojunction. Finally, the device is placed on an Au (150 nm) mirror separated by an 
Al2O3 (360 nm) dielectric spacer, which increases the fraction of light coupled from the 
device to free space. The impact of the current spreading electrodes can be more clearly 
seen in the EL image shown in Figure 3-2-3c, where much of the emission occurs in the 
areas defined by the electrodes.  

Typical current-voltage characteristics of devices fabricated with bP thicknesses of 
43, 31 and 10 nm are shown in Figure 3-2-3d. A clear reduction in the forward current and 
an increase in the rectification ratio can be observed with decreasing bP thickness. This can 
be attributed to an increase in series resistance under forward bias, and confinement of the 
depletion width for thinner bP layers under reverse bias21. The zero-bias resistance (R0A) 
measured for all of the devices fabricated in this study is shown in Fig. 3-2-4, which shows 
an increase of ~3 orders of magnitude as the bP thickness is reduced from bulk to bilayer. 
The EL spectra and spectral photoresponse of a typical device with a 43 nm thick bP layer 
are shown in Figure 3-2-3e. A strong EL peak can be clearly observed at the band-edge of 
the bP layer with a peak photon energy of 0.34 eV, consistent with the PL measurements 
shown in Fig. 3-2-2. Additionally, the bP/MoS2 diode shows a strong photovoltaic response 
which is consistent with previously reported photodetector results21. We next turn our 
attention to the detailed characterization of this bP LED (43 nm thick). Light-current curves 
measured for this device at 293 and 78K are shown in Figure 3-2-5, which show an 
expected linear increase in emission for low injection density followed by saturation at 
higher injection density, with peak output powers of 17 and 42 µW measured at 293 and 
78K respectively. The turn-on voltage of this device can be extracted from the light-voltage 
curve (Figure 3-2-5b) and is found to be 350 mV and 200 mV at 293 and 78K respectively, 
closely matching the bandgap of the bP layer (340 meV)17.  
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Material B (cm3s-1) C (cm6s-1) ni (cm-3) 
bP 2.3×10-10 1×10-32 2.5×1015 

InAs 1.1×10-10 2.2×10-27 2.2×1015 
InSb 5×10-11 5×10-26 1.9×1016 

Table 3-2-1. Recombination parameters and intrinsic carrier concentrations at 293K for 
bP, InAs, and InSb. 

 

 

 

 

 

Fig. 3-2-4. Thickness dependence of zero-bias resistance area product for bP/MoS2 
heterojunctions. 
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Fig. 3-2-5 Optoelectronic characteristics of bP/MoS2 LEDs. a, Light-current 
characteristics for a typical device measured at 78K and 293K. b, Light-voltage 
characteristics for a typical device measured at 78K and 293K. Dashed lines show the fits 
used to extract the turn-on voltage for the device which was found to be 0.35 V and 0.2 V 
at 78K and 293K, respectively. c, Temperature dependence of the EL spectra measured at 
a constant current density of 55 A cm-2; inset shows the corresponding EQE as a function 
of temperature. Note that the feature appearing in all of the spectra at 0.29 eV is due to 
residual CO2 present in the optical path.  d, EQE as a function of current density measured 
at 78K and 293K. e, Wall plug efficiency as a function of current density measured at 78K 
and 293K. f, Comparison of peak external quantum efficiencies reported for bP/MoS2 as 
well as various published and commercial infrared LEDs. Summary and references of other 
devices shown here are presented in Table 3-2-2. 
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Fig. 3-2-6. a, Carrier concentration as a function of injected current density calculated for 
the device shown in Fig. 3-2-5d at 293K. b, Superimposed IQE of the bP LED shown in 
Fig. 3-2-5d with the theoretical quantum efficienciesof bP, InAs, and InSb calculated from 
the recombination parameters shown in Table 3-2-1. Note that no SRH recombination was 
assumed and n = ni + Δn. 
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The EQE for this device is calculated according to: 𝑞e𝑃el𝐼−1(ℎ )−1, where qe is the 
elementary charge, Pel is the externally emitted optical power, I is the operating current, h 
is the Planck constant, and υ is the frequency of light. The temperature dependent EQE of 
this device and the corresponding EL spectra measured at a constant current density of 55 
A cm-2 are shown in Figure 3-2-5c. The emission spectra show a redshift in the bandgap at 
reduced temperatures that is consistent with previous demonstrations 21, and an expected 
increase in EQE from 3.4% to 5.6% over the temperature range of 325K to 78K. The EQE 
and derived wall plug efficiency (𝑃el𝐼−1𝑉app−1 , where Vapp is the applied forward voltage) as 
a function of injected current density are shown in Figure 3-2-5d and 3-2-5e respectively. 
The EQE in this device peaks (4.4% and 7.7% at 293 and 78K, respectively) immediately 
prior to the onset of saturation. On the other hand, the wall plug efficiency approaches the 
EQE at low injection levels but shows a large droop at high injection levels, which can be 
attributed to series resistance (i.e. Schottky contacts) in the device. To compare the 
measured internal efficiency as a function of injection current we can calculate the 
instantaneous carrier concentration in the bP layer. Assuming the concentration is uniform 
over the full bP thickness and area, self-consistently solving the recombination equation 
yields the effective lifetime in bP as shown in Fig. 3-2-6a. The resulting IQE can be plotted 
over the theoretical quantum yield for bP as well as other III-V materials as shown in Fig. 
3-2-6, and indicates that these bP devices are not limited by Auger recombination. This is 
consistent with the small temperature dependence on EQE observed in Fig. 3-2-5, and is 
in stark contrast to InAs based LEDs which show an improvement in EQE of over an order 
of magnitude at cryogenic temperatures. A comparison of this bP/MoS2 LED to other 
published and commercially available infrared light emitting diodes is shown in Figure 3-
2-5f and is summarized in Table 3-2-2. While this device is considerably less efficient than 
LEDs operating in the visible and near-infrared spectrum which typically have EQEs in the 
range of 10-30%, the measured room temperature EQE of 4.4% from bP exceeds the 
highest reported values for mid-wave light emitting devices based on highly developed III-
V and II-VI materials (Ref. 7-9 and Table 3-2-2) and the IQE of bP LEDs is greater than 
the theoretical maximum IQE of InAs at moderate to high injection levels.  
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Fig. 3-2-7. Thickness tunable EL spectra. a, Room temperature EL spectra measured for 
selected bP/MoS2 heterojunctions with varying bP thickness in the range of 1.4 to 238 nm. 
b, Peak emission wavelength as a function of bP thickness for 27 devices as well as the 
theoretically calculated bandgap for varying thickness bP (taken from Ref. 17). c, 
Simulated photon extraction efficiency as a function of both bP and Al2O3 thickness; note 
that a constant MoS2 thickness of 10 nm was used for all simulations and the dashed line 
indicates an Al2O3 thickness of 360 nm, which was used for the devices shown here. d, 
IQE calculated for the devices shown in panel b. 
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Fig. 3-2-8 Gas sensing using bP LEDs. a, Normalized EL spectra of a 238 nm, 12 nm and 
6 nm thick bP/MoS2 LEDs in the presence and absence of CO2, CH4, and H2O gas 
respectively and the absorption spectra of the gases measured using the bP/MoS2 LEDs. b, 
Schematic of experimental setup used for measurements consisting of a bP/MoS2 LED and 
a commercial photodetector, coupled through a gas mixing chamber. c, Measured 
photocurrent from a 238 nm bP/MoS2 LED with varying concentrations of CO2 present in 
the optical path. d, Measured photocurrent from a 12 nm bP/MoS2 LED with varying 
concentrations of CH4 present in the optical path. e, Fractional absorbance of CO2 and CH4 
as a function of concentration. f, CH4 concentration cycling for gauging hysteresis for the 
bP LEDs operating in an NDIR sensor. Drift measurements for the devices shown in panel 
c and d over an 8-hour period are shown in Fig. 3-2-8. 
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One of the unique properties of bP is its widely thickness tunable bandgap in a 
mono-elemental material system5,6,17. This property can be directly leveraged in light 
emitting devices where the bP layer thickness is varied as shown in Figure 3-2-7a. By 
utilizing bP layers with thickness ranging from 1.4 nm (i.e. bilayer bP) to 238 nm, we show 
that the peak emission wavelength can be tuned over 960 nm to 4 µm. The peak emission 
energy (Eel) measured on 32 different devices is shown in Figure 3-2-7b, where the 
bandgap as a function of thickness can be described by: 

𝐸𝑒𝑙(𝑡) =
1.45

(𝑡/0.7)0.92
+ 0.305 𝑒𝑉 

where t is bP thickness. This is in excellent agreement with the theoretically calculated 
bandgap of bP as a function of thickness. We performed finite-difference time-domain 
simulations to determine the light extraction efficiency (ηe) of these devices23. Figure 3-2-
7c shows the simulated extraction efficiency as a function of dielectric spacer thickness 
and bP thickness. Note that these simulations are performed at the bP peak emission 
wavelength, which is calculated for each thickness using equation 1. The dashed line 
represents a 360 nm Al2O3 spacer thickness which was used in the devices fabricated here. 
This structure takes advantage of the non-epitaxial nature of bP, and notably can achieve 
very high extraction efficiencies in the range of 30-45%. The internal quantum efficiency 
(IQE) as a function of bP thickness is then calculated according to EQE 𝜂e−1and is shown 
in Figure 3-2-7d. For devices thicker than 30 nm, the calculated IQE falls in the range of 
in 5-20%, while a reduction is observed for thinner layers which can likely be attributed to 
degradation of the active bP layer during fabrication24. 

Finally, we demonstrate a potential application of our bP/MoS2 LEDs by utilizing 
them as light sources for NDIR gas sensing, which leverages the infrared absorption bands 
of different target gas molecules25-26. These devices typically utilize thermal emitters, 
which cannot be rapidly modulated and require high power to operate26. To enable the use 
of NDIR sensors for internet-of-things applications which need a battery life on the order 
of years, it is necessary to have devices that can be rapidly modulated and have high 
efficiency27. Figure 3-2-8a shows measured EL spectra of bP/MoS2 LEDs with thicknesses 
of 6, 12, and 238 nm. These devices were selected because they possess large spectral 
overlap with dominant absorption peaks of water vapor (H2O, 2.7 µm), methane (CH4, 3.3 
µm), and carbon dioxide (CO2, 4.3 µm), respectively. The absorption of these gasses was 
then directly measured using the bP/MoS2 LEDs via measuring the EL spectra with the 
target gas present in the optical path. A gas cell, mimicking commercially available NDIR 
sensors was then constructed as shown in Figure 3-2-8b, using 238 and 12 nm bP in 
conjunction with a commercial photodetector and bandpass filters to detect CO2 and CH4 
as shown in Figure 3-2-8c-e. Experiments showed highly sensitive detection of up to 100% 
CO2 and 2.5% (50% of the lower explosive limit, LEL) CH4 with the devices. 
Measurements revealed lower limit of detection (LOD) as low as 20 ppm with a sensitivity 
of ±30 ppm for CO2, and LOD of 100 ppm and sensitivity of ±150 ppm for CH4, with 
minimal hysteresis and high consistency as shown in Figure 3-2-8e and f. Additionally, 

(3-2-5) 
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stability measurements of these two devices, performed with the device under continuous 
50% duty cycle operation for a period of eight hours showed negligible drift (< 1.3%) and 
are shown in Fig. 3-2-9. 

While other technologies exist in this spectral regime, their adoption is impeded 
either due to low efficiency or high costs. The first demonstration of efficient electrically 
pumped infrared light emission from bP provides an exciting new application space for 2D 
materials which can overcome many of the key limitations in existing technologies. 
Specifically, we have demonstrated that LEDs based on bP/MoS2 heterostructures can be 
utilized to obtain tunable EL over a wide spectral range (940 nm to 4.5 µm) and that these 
devices can show EQE and IQE as high as 4.4% and 19.3% respectively. This is enabled 
by the low Auger recombination velocity of bP, which allows us to observe IQEs which 
are higher than what is theoretically possible in III-V semiconductors such as InAs. 
Furthermore, utilizing the thickness dependent emission from bP, we have demonstrated 
that these devices can be employed in NDIR gas sensors targeting CO2, CH4, and H2O.  
Unlike III-V and II-VI based devices, the non-epitaxial nature of 2D materials can allow 
for these devices to be integrated with silicon devices, potentially allowing for integration 
with silicon photonics or multi-modal gas sensors. 
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Fig. 3-2-9 a, Stability measurements taken on the device shown in Fig. 3b, taken over a 
period of 8-hours, showing a maximum drift of 0.88%. b, Stability measurements taken on 
the device shown in Fig. 3d, taken over a period of 8-hours, showing a maximum drift of 
1.23%. 
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Table 3-2-2. Overview of published infrared light emitting diodes shown in Figure 3-2-4f. 
Efficiencies for commercial devices are taken from datasheets by Hamamatsu, Roithner, 
and ThorLabs. 
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3.3 – Experimental and theoretical methods 

 

Transient Electroluminescence Device Fabrication 

Devices based on MoS2 (SPI supplies), WS2 (HQ Graphene), and MoSe2 (HQ 
Graphene) were fabricated from monolayers mechanically exfoliated onto 50 nm SiO2/Si 
p++ substrates. The WSe2 monolayers used in this work were synthesized by CVD with 
conditions tuned to optimize the PL QY of the material. Growth methods are presented in 
the reference11, with the following modifications to obtain large area films: the Se boat 
temperature was ramped up to 130 °C and the growth time was extended to 42 minutes. 
The typical PL QY of synthesized WSe2 samples at low pump powers is in the range of 5-
15%. CVD WSe2 monolayers were subsequently transferred to the desired substrate. For 
large area devices, WSe2 films were transferred either to Si/SiO2 or fused quartz/ITO/Al2O3 
substrates. For patterning micron-scale devices on Si/SiO2, the 2D material was first etched 
using XeF2 while micron-scale devices on fused quartz/ITO/Al2O3 were etched using 
O2/CF4 plasma. Metal electrodes were subsequently deposited by thermal evaporation or 
sputtering. For graphene contacted devices, graphene flakes (3-5 layers thick) were etched 
and subsequently placed on the TMDC using a previously reported dry transfer technique. 
Due to the low PL QY of as-exfoliated MoS2, devices were prepared using 40 nm thick Au 
contacts and subsequently were chemically treated using an organic superacid3 to enhance 
the PL QY prior to EL measurements. All patterning was performed using electron-beam 
lithography with either PMMA or MMA/PMMA as the resist. In the case of devices 
fabricated on quartz substrates, a 10 nm Au film was thermally evaporated on the PMMA 
and etched post e-beam lithography using KI/I2 etchant. For the case of superacid-treated 
WS2 devices shown in this work, few-layer graphene contacts were used. This was done in 
order to eliminate process-induced degradation of the 2D layer, which predominantly 
occurs during e-beam lithography.  

Visible and Near Infrared Electroluminescence Measurements 

Electroluminescent devices were pumped using a bipolar square wave from an 
Agilent 33522A arbitrary waveform generator applied to the gate electrode, while the 
source contact was grounded. The PL and EL data presented in this work was measured 
using a custom built micro-PL instrument described in detail in reference3. To measure PL, 
either a 514.5 nm Ar+ laser or a monochromated 514 nm line from a pulsed supercontinuum 
laser was used as the excitation source. PL and EL were collected using either a 50× ultra-
long working distance or a 10× objective lens. The PL signal was passed through a 550 nm 
dielectric longpass filter to block the excitation light. Both PL and EL were dispersed by a 
spectrometer with a 340 mm focal length and 150 groove mm-1 grating, and detected using 
a Si CCD camera (Andor iDus BEX2-DD). Prior to each measurement, the CCD 
background was obtained and subsequently subtracted from the PL/EL acquisition. Time-
resolved electroluminescence measurements were collected using a time-correlated single 
photon counting (TCSPC) module. The signal was detected with a low dark count 
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avalanche photodiode operating in single photon counting mode (IDQuantique). The 
timing for the TCSPC was determined using pulses generated with the same 
phase/frequency as the square wave applied to the gate of the device. PL and EL imaging 
was performed in a florescence microscopy setup using a 470 nm LED as the excitation 
source and a CCD detector (Andor Luca) to acquire images. For EL imaging, the 
illumination source was turned off. Macroscopic photographs and videos of 
electroluminescence were taken using a CMOS camera with a telephoto lens; images are 
single exposures taken in ambient room lighting. Note that for the macroscopic EL 
photographs the cold filter was removed from the camera. All measurements reported in 
this paper are taken at room temperature, in an ambient lab environment, with no device 
encapsulation. Transistor Id-Vg characteristics as well as C-f measurements of the gate 
oxide were taken using an Agilent B1500A semiconductor parameter analyzer.  

Black Phosphorous LED Fabrication 

The light emitting diodes studied here were fabricated on an Au/Al2O3 cavity. This 
was formed by atomic layer deposition of Al2O3 (360 nm thick) onto a patterned Ti/Au (10 
nm/100 nm) back reflector. The active layer was formed using a poly(methyl methacrylate) 
(PMMA) mediated dry transfer process. Due to the poor stability of bP in the presence of 
humidity, bP flakes were exfoliated in a glove box and suitable thickness crystals were 
identified in a nitrogen purged AFM. An MoS2 electron contact was then placed onto the 
bP, and the stack was then placed on the Au/Al2O3 substrate to create the final 
Au/Al2O3/bP/MoS2 structure. Contacts to both the bP and MoS2 layers were 
simultaneously formed using electron-beam lithography followed by deposition of a 40 nm 
thick Ni film by thermal evaporation. Liftoff was performed in a glovebox with anhydrous 
solvents. Finally, a 2 nm Al film was evaporated over the complete stack, which oxidizes 
to form Al2O3 in air and has been shown to improve the device stability. 

Infrared Electroluminescence Measurements 

Electrical measurements were performed using a 4155C Semiconductor Parameter 
Analyzer (Agilent). EL spectra covering the range of 2-5 µm were performed using a FTIR 
spectrometer (ThermoFisher) with a customized Janis cryostat equipped with a CaF2 
window. Devices were first wire bonded in a 24 pin chip carrier and evacuated to a base 
pressure of < 10-5 Torr. The cryostat was then placed at the auxiliary source port of the 
FTIR, which was modified to include a microscope equipped with a 15× Schwarzschild 
objective to couple the emitted light to the interferometer and internal HgCdTe 
photodetector. To separate the EL from the thermal background and to increase the 
measurement dynamic range, a double modulation scheme was used30. Here, the device 
was operated using a voltage controlled current source (Stanford Research Systems), with 
the drive current modulated at a frequency of 5 kHz and the FTIR optical velocity set to 
0.0657 cm s-1. The resulting photocurrent was then sent to a lock-in amplifier with a 
reference frequency of 5 kHz. The resulting demodulated interferogram was then acquired 
and averaged using an oscilloscope and the EL spectra were calculated as the power 
spectral density of the resulting interferogram. The sample rate and acquisition window 
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were set such that the fast Fourier transform (FFT) bin size was 1 meV, though it should 
be noted that for the spectra shown in Figure 3-2-4a, the acquisition window was increased 
to improve the spectral resolution to 0.5 meV. The spectral range covered a wavelength 
range of 15 to 1 µm. A schematic of the full experimental setup as well as the total and 
double modulated interferograms are shown in Fig. 3-3-1. It should be noted that the 
devices can still be measured under continuous wave operation (i.e. without double 
modulation. For thinner bP devices with bi-layer to quad-layer thicknesses measurements 
were taken using a grating spectrometer equipped with an InGaAs CCD (1.7 µm cutoff). 
The devices measured showed strongly polarized emission, which is consistent with 
previous reports on strongly polarized absorption in bP. This is characterized in the 
polarization resolved EL spectra, where a linear BaF2 polarizer was placed in the optical 
path. 

In order to calibrate the intensity of the emission, we characterized the instrument 
function with a blackbody held at a temperature (T) of 673K. The emitted light from the 
blackbody was passed through a 100 µm aperture and a chopped at a frequency of 3 kHz. 
The power spectral density emitted by the blackbody (F) in an FFT bin with size Δλ can 
be calculated using:  

𝐹(𝜆) =  𝐴𝑎𝑝𝑝 ∫ 𝑀𝑒(673𝐾, 𝜆) − 𝑀𝑒(293𝐾, 𝜆)
𝜆+𝛥𝜆

𝜆

𝑑𝜆 

where Aapp is the area of the aperture and Me is Planck’s law for spectral exitance and given 
by: 

𝑀𝑒(𝜆, 𝑇) =
2𝜋ℎ𝑐2

𝜆5(𝑒ℎ𝑐(𝑘𝜆𝑇)
−1

− 1)
 

Where c is the speed of light and k is the Boltzmann constant. This in conjunction with the 
measured spectra can be used to find the instrument calibration function. EL imaging was 
performed at ALS Beamline 2.4 using a 128×128 HgCdTe focal plane array coupled to an 
FTIR microscope (Agilent). For these measurements the device was operated in air. 

(3-3-1) 

(3-3-2) 
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Fig. 3-3-1. a, Schematic of experimental setup used for the characterization bP/MoS2 
LEDs, consisting of a modified FTIR and electronics to perform double modulation of the 
emission signal. b, The total recorded interferogram resulting from the thermal background 
as well as the extracted double modulated interferogram. 
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Optical Simulations 

FDTD simulations were performed using a commercial package (FDTD Solutions, 
Lumerical) using a linearly polarized dipole emitter to simulate emission. For these 
simulations the mesh grid was set to λel/1000, where λel is the calculated peak emission 
wavelength of the bP layer. Refractive index values for the band-edge of bP were taken 
from literature22. The region in the bP where the dipole power was measured was set to 
have a k value of zero. 

NDIR Gas Sensor Measurements 

The spectra in Figure 3-2-4a showing the absorption of humidity, methane and 
carbon dioxide were taken as the difference of two separately measured EL spectra. In the 
first measurement the emitted light was passed through nitrogen gas, while spectra were 
re-taken in the presence of the target gas/humidity. A line of nitrogen was passed through 
a bubbler filled with deionized water to raise the relative humidity from 5% to 60% at 22℃. 
Humidity and temperature were monitored by a commercial sensor Sensirion AG (Model 
SHT2×). To further analyze the performance of bP/MoS2 LEDs for use in NDIR sensors, 
a test cell was constructed where emission from the bP LED is collected by a lens, 
transmitted through a commercial band pass filter designed for either CO2 (Andover 
Corporation) or CH4 (ThorLabs) NDIR gas sensors, passed through a two inch sealed 
optical path with feed throughs for analyte gas, and subsequently collected by a commercial 
InSb photodiode (Teledyne Judson). Synthetic air–diluted CH4 gas cylinder was purchased 
from Cal Gas Direct Incorporated at a calibrated concentration of 2.5% and for CO2 sensing 
experiment, ultrahigh purity carbon dioxide (Praxair Technology Inc.) was used. Pure dry 
air was used as diluent gas and was procured from Praxair Technology Inc. Gas delivery 
was performed using mass flow controllers (Alicat Scientific Inc.). For these measurements 
background air flow of 10 SLPM was used, and the target gas was delivered at flow rates 
ranging from 0-100 SCCM and was diluted by dry air with an appropriate flow rate to reach 
a particular concentration level. For these measurements the devices were directly 
modulated at a frequency of 1 kHz, and the signal was collected using a lock-in amplifier 
(Stanford Research Systems). Fractional absorbance (F.A.) of the target gas at particular 
concentrations was calculated according to F.A. = (Ipc,N2-Ipc,x)/ Ipc,N2, where Ipc,N2 is the 
photocurrent measured under a nitrogen purge and Ipc,x is the photocurrent measured in the 
presence of gas at concentration x. This data was fit using a modified Beer-Lambert law 
model as shown in Figure 3-2-4e, where L is the chamber length, and k is a fitting constant 
related to the passband of the filter and absorption coefficient of the gas. Measured filter 
filter transmission curves overlaid with the emission spectra for the devices using in Figure 
3-2-4. 

Transient Electroluminescence Efficiency calculation. 

The EL internal efficiency of the t-EL device can be extracted from the ratio of the 
total number of emitted photons per cycle to the steady-state electron (n0) and hole (p0) 
concentrations:  

(3-3-3) 
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𝜂i  =
∫ ∫ 𝑅 𝑑𝑥 𝑑𝑡

𝐿

0

𝑇

0

(𝑛o + 𝑝o)𝐿
= 𝛽(PL QY) 

Here T is the time period, L is the length of the device, R is the radiative recombination rate 
and β is the fraction of steady-state carriers which undergo recombination during a Vg 
transient. The value of (n0+p0) can be calculated using 3-3-6. During a -Vg to +Vg transient 
(total change of 2Vg), the net voltage dropped at the Schottky source contact is equal to the 
sum of the barrier heights to electrons and holes (φBn + φBp = Eg). Thus,  

(𝑛o + 𝑝o)  =
𝐶ox[2𝑉g − (𝜑Bn + 𝜑Bp) 𝑞

−1]

𝑞
 

To achieve steady-state carrier densities, sufficient voltage must be applied to enable large 
band bending and thus achieve significant tunneling through the Schottky barriers. As such 
this equation is only valid for sufficiently high Vg. The integral in the numerator is equal to 
the total number of photons emitted per cycle. The internal efficiency is unity when the PL 
QY is 100% and all of the steady-state carriers undergo recombination (β = 1). Practically, 
due to the finite slew rate of the AC source and a finite radiative recombination rate, a 
fraction of the steady-state carriers exit the semiconductor through the source contact 
without recombining (β ≠ 1). The external efficiency is given by:  

𝜂e  = 𝜂i 𝜂ext  

where ηext is the light extraction efficiency. This is calculated using (4n2)-1 where n is the 
refractive index of the medium, as well as the optical interference from the Si substrate 
with a 50 nm SiO2 layer. The enhancement factor for Si/SiO2 is experimentally determined 
to enhance the light-outcoupling by 1.6× for WSe2 and 2× for WS2. 

 

(3-3-4) 

(3-3-5) 
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Chapter 4 

Infrared photodetectors based on 2D semiconductors 

 

4.1 – Photoconductive black phosphorous/black phosphorous arsenic MWIR 
detectors6 

 

Black phosphorous (b-P), and more recently black phosphorous arsenic alloys (b-
PAs), are candidate 2D materials for the detection of mid-wave and potentially long-wave 
infrared radiation. However, studies to date have utilized laser-based measurements to 
extract device performance and the responsivity of these detectors. As such, their 
performance under thermal radiation and spectral response has not been fully 
characterized. Here, we perform a systematic investigation of gated-photoconductors based 
on black phosphorous-arsenic alloys as a function of thickness over the composition range 
of 0% to 91% As. Infrared transmission and reflection measurements are performed to 
determine the bandgap of the various compositions. The spectrally resolved photoresponse 
for various compositions in this material system is investigated to confirm absorption 
measurements, and we find that the cut-off wavelength can be tuned from 3.9 μm to 4.6 
μm over the studied compositional range. In addition, we investigated the temperature 
dependent photoresponse and performed calibrated responsivity measurements using 
blackbody flood illumination. Notably, we find that the specific detectivity (D*) can be 
optimized by adjusting the thickness of the b-P/b-PAs layer to maximize absorption and 
minimize dark current. We obtain a peak D* of 6×1010 cm Hz1/2 W-1 and 2.4×1010 cm Hz1/2 
W-1 for pure b-P and b-PAs (91% As) respectively at room temperature, which is an order 
of magnitude higher than commercially available mid-wave infrared detectors operating at 
room temperature. 

The detection of infrared (IR) light has numerous applications, including thermal 
imaging, gas sensing, and communication.1-3 Thermal radiation falls in either the mid-wave 
(3-5 μm) or long-wave (8-14 μm) spectral bands. Research in detectors for these 
wavelengths has been dominated by thermal detectors such as bolometers and 
semiconductor detectors including indium antimonide, mercury cadmium telluride, or 
type-II quantum wells.4-7 However, key challenges still exist in both detector types. 
Specifically, semiconductor detectors typically require cryogenic cooling and complex 
growth/fabrication processes leading to high costs.8 On the other hand, while bolometers 
can achieve room temperature operation at significantly lower costs, they are ultimately 
limited by slow temporal response, limiting their applications.7 The key challenge for 
semiconductor detectors operating in the mid- and long-wave IR bands is the significant 
thermal generation, which results from the small bandgap requirements (0.3 eV and 0.1 eV 
                                                           
6Reproduced with permission from M. Amani et al., ACS Nano, 11, 11724-11731, 2017. 
Copyright © [2017] ACS. 
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respectively for mid- and long-wave). This in turn results in significant dark currents due 
to thermal generation.  

A potential route to mediate thermal generation within IR photodetectors is to 
minimize the thickness of the active electronic material. Two-dimensional (2D) materials 
have potential to accomplish this through both extreme reduction in thickness, as well as 
the possibility of coupling to nano-optics to increase total absorption.9,10 Furthermore, 2D 
materials have naturally passivated surfaces due to the lack of out-of-plane bonding, which 
can result in high interface quality in the presence of suitable defect passivation and can 
remove the requirement for a lattice matched substrate.11,12 Significant research has been 
performed in this area, with much of the initial work focused on mono- and bilayer 
graphene; however, these devices suffer from low intrinsic absorption and high dark 
current due to the absence of a bandgap.14-16 More recently black phosphorous (b-P) and 
black phosphorous-arsenic (b-PAs) alloys have emerged as potential 2D semiconductors 
with suitable bandgaps for IR detection.17,18 In addition, b-P has been shown to provide 
other attractive properties, such as high mobility, anisotropic optical properties, and a 
highly tunable thickness-dependent direct-bandgap over the monolayer to six-layer 
range.19-21 Previous studies have demonstrated both photoconductive as well as 
photovoltaic b-P photodetectors, and have demonstrated that this material system shows 
high photoconductive gain and a strongly polarized photoresponse.22-24 

Here, we perform a detailed characterization of gated-photoconductors based on b-
P and b-PAs alloys as a function of thickness. The bandgaps of these materials were 
determined using absorption spectroscopy. Spectrally resolved photoresponse 
measurements of various compositions were performed for the first time, which are in 
agreement with absorption measurements. We find that while b-PAs alloys show larger 
bandgaps than what has been previously estimated from the extinction coefficient, this 
material system provides full tunability over the mid-IR band. Furthermore, we find these 
photoconductive detectors show a highly polarized photoresponse, with an extinction ratio 
greater than 100×. Finally, we measured the responsivity and specific defectivity of these 
gated photoconductors using flood illumination from a blackbody source and measured a 
peak D* of 6×1010 cm Hz1/2 W-1 and 2.4×1010 cm Hz1/2 W-1 for pure b-P and b-PAs (91% 
As) respectively at room temperature.  
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Fig. 4-1-1. (a) Optical microscope image of a typical b-P gated photoconductor with a 
thickness of 29 nm, the scale bar is 10 μm. (b) Cross-sectional schematic of the gated 
photoconductor. (c) Raman spectra measured for pure b-P as well as b-PAs alloys. 

  



93 
 

 
Fig. 4-1-2. (a) Polarization resolved transmission spectra measured for a 66 nm thick b-
PAs crystal on a KBr substrate, inset shows the optical configuration used during 
measurements. (b) Polarization resolved reflection spectra measured for a 66 nm thick b-
PAs crystal on a KBr substrate, inset shows the optical configuration used during 
measurements. (c) Absorption spectra, calculated from 100-T-R, for the b-PAs crystal 
shown in (a) and (b) along both crystal directions. Inset shows the polarization resolved 
absorption at a wavelength of 3.5 μm. (d) Bandgap of b-P and b-PAs alloys as a function 
of P concentration. 
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Fig. 4-4-1a and Fig. 4-4-1b show an optical image and cross-sectional schematic of 
the gated-photoconductors fabricated in this study. Multilayer b-P and b-PAs crystals with 
different As concentrations were exfoliated on Si/SiO2 substrates with a 50 nm thick oxide 
in a N2 glovebox and were coated with PMMA prior to removal from the nitrogen ambient. 
For device fabrication exposure to air was minimized and critical process steps such as lift-
off were performed inside a glovebox with anhydrous solvents. Measurements shown in 
this work were either carried out in a purged N2 environment or under vacuum.  

Energy dispersive electron spectroscopy (EDS) was performed to verify the 
compositions of the materials investigated here. In addition, Raman spectroscopy was 
performed to verify the crystal structure and composition of the various b-PAs crystals. 
Raman spectra for b-P and b-PAs crystals are shown in Fig. 4-4-1c. For bP-As (91% As), 
we observe Raman modes at 235.7 cm-1, 247.1 cm-1, and 267.1 cm-1, corresponding to the 
out-of-plane Ag

1  mode, in-plane B2g mode, and out-of-plane Ag
2  mode of b-As respectively. 

Additionally, for b-PAs we observe additional peaks over the range of 300 cm-1 to 400 cm-

1, which have been attributed to varied P-P/As-P/P-As bonding for the alloyed materials. 
These spectra are consistent with the findings of Liu, et. al, who performed both Raman 
measurements as well as calculations on the expected vibrational modes of b-PAs.18,20 

Transmission and reflection measurements were performed for crystals transferred 
onto KBr substrates to determine the bandgap of b-PAs alloys. Polarization resolved 
transmission and reflection spectra for a b-PAs (91% As) crystal, taken using a Fourier 
transform infrared spectrometer (FTIR) microscope, are shown in Fig. 4-1-2a and 4-1-2b 
respectively. The optical path was kept constant for both measurements, and reflection 
spectra were taken in reference to an Au mirror. From these measurements, we can obtain 
the absorption coefficient, calculated as 100%-Reflection-Transmission as shown in Fig. 
4-1-2c. We observe strongly polarized light absorption along the perpendicular crystal 
direction, which is consistent with previous reports.17 The absorption as a function of 
polarization angle at a wavelength of 3.5 μm is shown in the inset of Fig. 4-1-2c. The 
bandgap as a function of composition is extracted from the absorption spectra and shown 
in Fig. 4-1-2d. The bandgap (Eg) of this material system can be tuned from 3.8 μm (326 
meV) for pure b-P to 4.6 μm (269 meV) for b-PAs (91% As). It is worthwhile to note that 
previous measurements on the extinction coefficient of b-PAs alloys suggested a 
potentially wider range of bandgap tunability (Eg = 150 meV for b-PAs 83% As).18 This 
discrepancy can be attributed to utilizing the extinction coefficient to extract Eg, which 
does not account for reflected light at wavelengths below the bandgap, as can be seen in 
Fig. 4-1-2a.  
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Fig. 4-1-3. (a) Transfer characteristics of an 18 nm thick b-P crystal measured as a function 
of temperature at a drain bias of 10 mV. Note that a cold shield was utilized for these 
measurements. (b) Arrhenius plot of minimum drain source current (Id,min) as a function of 
temperature extracted from panel (a). Dashed line is a fit based on generation-
recombination limited dark current. 
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A critical roadblock for IR detectors is the significant dark current arising from 
small bandgaps, which places a limit on the noise of the device.25 Ultimately for mid- and 
long-wave IR detectors, the performance limit is set by random variations in the 
background radiation viewed by the device.25 A key advantage of utilizing an ultra-thin 
material as the active detector is that the active volume which contributes to thermal 
generation is reduced per unit area of the device. In addition, for ultra-thin devices the 
background doping concentration in the semiconductor can be electrostatically tuned with 
the gate. To understand the source of the noise current as a function of gate voltage for b-
P, we performed temperature dependent measurements of the conductance. As shown in 
Fig. 4-1-3a, we observe a minimum in the dark current at small, positive gate voltages, 
which indicates that the material is lightly p-doped. Additionally, we see that the Ni contact 
to these devices is ambipolar indicating that it can inject both electrons and holes. The 
minimum dark current, corresponding to the gate voltages where the background doping is 
compensated is plotted in Fig. 4-1-3b. The current from carrier generation-recombination 
(G-R), IG-R, is proportional to:  

𝐼G−R ∝ 𝑇3/2exp (−𝐸g,0/2𝑘𝑇) 

where T is the temperature, Eg,0 is the effective bandgap, and k is the Boltzmann constant.26 
By fitting the Id,min to the G-R current we extract an effective bandgap of 305 meV. This is 
in reasonable agreement with values extracted from absorption measurements (326 meV), 
and is expected to underestimate the bandgap due to contributions from trap states.  

Figure 4-1-4a and 4-1-4b show transfer characteristics of a typical 31 nm thick b-P 
gated photoconductor taken in the dark and under illumination by a 1000 K blackbody with 
the detector held at 297 K and 77 K respectively. The corresponding responsivity, R is also 
shown, calculated as Il-Id/P, where Il current measured with the detector illuminated by a 
1000 K blackbody, Id is the current measured with the device viewing a room temperature 
background, and P is total incident power above the band-edge. From both the transfer 
characteristics and the photoresponse curves it can readily be seen that the optimum 
photoresponse is obtained when the device is gated to compensate the background doping 
electrostatically. The spectral photoresponse of the b-P photoconductor was measured 
using the experimental setup shown in Fig. 4-4-1. Here, illumination from the same 1000 
K blackbody is modulated using a FTIR spectrometer, and the measured spectra at 77 K 
and 297 K (at a gate voltage of 3.8V) is shown in Fig. 4-1-4c. The gate dependent 
photoresponse extracted from spectral response measurements is shown in Fig. 4-1-4d and 
is in good agreement with the measurements shown in Fig. 4-1-4a and 4-1-4b. We can 
observe a clear absorption edge for the b-P detector, corresponding to the material’s 
bandgap. The cut-off wavelength, λco (defined as wavelength at which responsivity drops 
by 50%), for this device at room temperature is 3.91 μm and is in very good agreement 
with the Eg value fitted from reflection/transmission measurements. 

 

(4-1-1) 
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Fig. 4-1-4. (a) Transfer characteristics of a 29 nm thick b-P gated photoconductor measured 
under dark and illumination from a 1000 K blackbody with the device at 297 K. (b) 
Transfer characteristics of a 29 nm thick b-P gated photoconductor measured under dark 
and illumination from a 1000 K blackbody with the device at 77 K. Note that a cold shield 
was not present for dark measurements. (c) Broadband spectral photoresponse of the device 
shown in (a) and (b), measured at 297 K and 77 K. (b) Gate voltage dependence of the 
spectral photoresponse, measured at 297 K. 
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The frequency response as well as the rise and fall time were measured using a 
directly modulated laser diode (λ = 980 nm) and are shown in Fig. 4-1-5a and 4-1-5b. We 
measure a rise and fall time of 12.4 μs and 8.6 μs, respectively. The 3 dB bandwidth is 
extracted from Fig. 4-1-5b to be 117 kHz. From this analysis, we can estimate the 
photocarrier lifetime, τ0, from 𝑓3dB = 1/2𝜋𝜏0 to be 1.4 μs. Additionally, we can calculate 
the carrier transit time, τtr, from the field-effect mobility (μfe) for this device (596 cm2 V-1 
s-1) which is estimated using 𝜇FE = (𝑑𝐼d/𝑑𝑉g)(𝐿/𝑊)/(𝑉d𝐶ox), where L, W, and Cox are 
the length, width and oxide capacitance of the device respectively. Subsequently, the τtr is 
calculated to be 8.2 ns using: 𝜏tr = 𝐿2/(𝜇FE𝑉d). From this we can estimate the 
photoconductive gain (G) to be 54 at a bias voltage of Vd = 100 mV.  

The quantum efficiency of the device can be calculated utilizing the measured 
responsivity and the gain according to:  

𝑅(𝜆) =
𝑞𝜂𝜆𝐺

ℎ𝑐
 

where q is the electron charge, η is the quantum efficiency, h is Plank’s constant, and c is 
the speed of light.27 We obtain a quantum efficiency of 6.4% for unpolarized incident light. 
This value is found to be reasonable based on reflection measurements taken on the same 
device, which indicates that ~8% of incident light is absorbed by the device at λ = 980 nm 
and is thus able to contribute to the photocurrent. 

 The noise current density for a typical device operated at Id,min as a function 
of frequency (f) is shown at room temperature and 77 K in Fig. 4-1-5c. We can observe 
that the low frequency behavior (f < 150 Hz) is dominated by 1/f flicker noise both at room 
temperature and 77K.27,28 This behavior is often observed in photoconductive detectors, as 
well as in previous b-P transistors and photoconductors and is attributed to charge 
trapping/de-trapping. At moderate frequencies the total noise current is the sum of 
contributions from Shot, G-R, and Johnson noise. For this device under low intensity 
illumination, Shot noise is expected to dominate (as can be seen from temperature 
dependent measurements in Fig. 4-1-3b) and is given as: 〈𝑖S2〉 = 2𝑞𝐼G−R∆𝑓, where q and 
IG-R are the electron charge and G-R current respectivly.28,29  

  

(4-1-2) 
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Fig. 4-1-5. (a) Room temperature temporal photoresponse of a 35 nm thick b-P 
photoconductor, excited by a 980 nm laser modulated at 50 kHz. (b) Photocurrent versus 
modulation frequency measured at an incident power of 15 nW measured at room 
temperature, showing a 3 dB frequency of 117 kHz. (c) Noise spectrum measured for a 35 
nm thick b-P photoconductor at room temperature and 77 K; dashed line shows a reference 
1/f curve. 
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Fig. 4-1-6. (a) Relative response of a b-P photoconductor measured for incident light 
polarized along (x-direction, arm-chair) and perpendicular to (y-direction, zig-zag) the 
absorbing axis of the b-P crystal. (b) Responsivity of the device shown in panel (a) as a 
function of polarizer angle. (c) Normalized photoresponse of a b-P photodetector measured 
as a function of temperature. (d) Extracted bandgap from the spectral photoresponse as a 
function of device temperature. 
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As shown previously in Fig. 4-1-2c, b-P shows a highly polarized absorption, and 
previous studies have shown that under visible illumination b-P photoconductors show a 
preferential response to light polarized along the x-direction (arm-chair direction).20,22,23 
We measured the polarization dependence of a b-P gated-photoconductor by placing a 
linear BaF2 wire-grid polarizer in the FTIR beam path directly in front of the b-P gated-
photoconductor. As expected from the highly polarized absorption spectra of b-P, there is 
strong anisotropicity in the photoresponse for polarization aligned to and against the crystal 
orientation of the b-P. We find that the polarization ratio between the two crystal 
orientations at mid-infrared wavelengths is over 100×. It is important to note that this value 
is limited by the dynamic range of the FTIR and is approaching the extinction ratio of the 
polarizer used in this study. The polarization resolved photoresponse measured for 3.5 μm 
incident light is shown in Fig. 4-1-6a and 4-1-6b. The spectral photoresponse, measured as 
a function of temperature for a b-P photoconductor is shown in Fig. 4-1-6c. Interestingly, 
we observe that the cut-off wavelength of the device extends to lower photon energies as 
the temperature is reduced. While this is the opposite from the behavior typically observed 
in most semiconductors, it is consistent with the calculated bandgap for b-P which has been 
predicted to show decreasing Eg with temperature due to its negative pressure coefficient 
and strong electron-photon coupling.30,31 The extracted bandgap values from the spectral 
photoresponse are shown in Fig. 4-1-6d.  

Finally, we investigated the specific detectivity of b-P and b-PAs photoconductors. 
The generic expression for specific detectivity is given by:  

𝐷∗ =
√𝐴∆𝑓

𝑁𝐸𝑃
=

𝑅√𝐴∆𝑓

𝑖n
 

where A is the detector area, Δf is the integration time, NEP is noise equivalent power, and 
in is the noise current.27,32 In the ideal case for photoconductors, the in is limited by shot 
noise and can be calculated from dark resistance of the device. However, this generally 
provides a strong overestimation of D*. For the purpose of this work we utilized the 
experimentally measured noise current for all D* calculations, which are taken at a 
modulation frequency of 150 Hz to minimize the contribution of 1/f noise. The specific 
detectivity measured for b-P as a function of thickness under illumination by a 673 K 
blackbody using the setup shown in Fig. 4-4-3 is shown in Fig. 4-1-7a. We found that the 
optimum thickness for maximizing D* was 25-35 nm thick, which balanced the increased 
absorption for thicker layers and the reduced dark current and thermal-generation for 
thinner layers. The thickness dependence of D* can be understood from equation 4, which 
assumes a constant device area, that responsivity is directly proportional to absorption in 
the material, and the photoconductive gain is thickness independent. 

𝐷∗ ∝
𝑠𝑖𝑔𝑛𝑎𝑙

𝑛𝑜𝑖𝑠𝑒
∝

(1 − 𝑒−𝛼𝑡)

〈𝑖S
2〉 + 〈𝑖J

2〉 + 𝑁𝑒

 

(4-1-3) 

(4-1-4) 
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Here, α is the absorption coefficient, t is the thickness, 〈𝑖𝐽2〉 is the Johnson noise, and Ne is 
excess noise. In the ideal case 〈𝑖S2〉 and 〈𝑖J2〉 are proportional to the active semiconductor 
thickness; however, in practice the excess noise contribution dominates in the limit case 
when t approaches zero, leading to an optimal device thickness. Figure 4-1-7b shows the 
specific detectivity as a function of wavelength for b-P and b-PAs gated photoconductors, 
fabricated with the optimized thickness. We obtain a peak room temperature D* of 6×1010 
cm Hz1/2 W-1 and 2.4×1010 cm Hz1/2 W-1 for pure b-P and b-PAs (91% As) respectively 
from the measured noise current. 

In summary, we have investigated the spectral performance of b-P and b-PAs gated-
photoconductors as a function of thickness and composition. We find that the specific 
detectivity of these devices can be significantly improved by tuning the thickness. For 
optimized devices, with a thickness of ~28 nm, we obtain peak D* of 6×1010 cm Hz1/2 W-

1 for b-P and 2.4×1010 cm Hz1/2 W-1 for b-PAs (91% As) at room temperature with a 
bandwidth of 117 kHz. This detectivity is an order of magnitude greater than commercial 
devices operating at room temperature.1-3,32 In addition these devices show very strong 
sensitivity to the polarization of incident light, with an extinction ratio >100× which is 
comparable to traditional polarization optics. However, we found from both 
transmission/reflection and spectrally resolved photoresponse measurements that the 
bandgap tunability of the b-PAs material system is smaller than what was initially 
estimated and is limited to midwave-IR spectral band.18 As such, other techniques of 
reducing the bandgap in b-PAs or new 2D materials still need to be investigated to achieve 
longwave-IR photodetection. 
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Fig. 4-1-7. (a) Specific detectivity of b-P photoconductors as a function of layer thickness; 
measurements were performed under gating conditions which maximized the detectivity 
for the specific device at room temperature. (b) Specific detectivity of b-P and b-PAs 
photoconductors with optimized thickness; measurements were performed under gating 
conditions which maximized detectivity for the specific device at room temperature. 
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4.2 – Photovoltaic black phosphorous MWIR detectors7 

 

We utilize bP / MoS2 heterostructures to fabricate photodiodes and optimize the 
devices for detection of MWIR light intensity and polarization at room temperature. To 
optimize the collection of light, we perform in-depth characterization of bP, and report, for 
the first time, the complex refractive index of this material in a wavelength range that 
encompasses the MWIR. This information is used to design and fabricate a simple optical 
structure which deliberately utilizes destructive interference to efficiently couple in a 
narrow band of MWIR light – permitting the demonstration of a high quantum efficiency 
bP / MoS2 photodiode. Finally, we demonstrate a bias-selectable polarization resolved bP 
photodetector, utilizing two orthogonally aligned bP / MoS2 photodiodes, monolithically 
integrated to create a device which directly measures both the intensity and polarization of 
incoming MWIR light.  

Two primary figures of merit for photodetectors are their external quantum 
efficiency (ηe) and specific detectivity (D*).1-5 These parameters are optimized by 
increasing the percentage of incident photons which generate photocurrent as well as via 
reduction of the electronic noise. As such, simultaneous optimization of ηe and D* requires 
consideration of both optical and electrical design. A schematic showing the structure of 
the heterojunction photodiodes fabricated in this work as well as an example optical 
micrograph are shown in Fig. 4-2-1a and 4-2-1b, respectively. The device consists of a bP 
/ MoS2 heterojunction where a thin (~10-20 nm) n-type MoS2 layer acts as an electron 
selective-contact and MWIR window. Holes are contacted via a rear Au pad, which 
simultaneously acts as a MWIR back reflector. As shown schematically in the simulated 
band diagram of Fig 4-2-1c, the MoS2 heterojunction provides asymmetric band offsets 
with the bP, allowing the flow of electrons to the MoS2 contact while blocking the flow of 
holes. A false colored transmission electron micrograph (TEM) of a completed device is 
shown in Fig. 4-2-1d. In addition, high resolution TEM images of the bP / MoS2 and bP / 
Au interfaces are shown in Fig. 4-2-1e and 4-2-1f, respectively. The layered structure of 
bP and MoS2 can be seen with corresponding monolayer thicknesses of 5.5 Å and 6 Å, 
respectively. A thin amorphous layer can also be observed at both interfaces, most 
prominently at the bP / Au interface. This is attributed to POx from surface oxidation, which 
forms during periods of atmospheric exposure while fabricating devices.6 This layer could 
introduce adverse effects to the device performance particularly to collection efficiency, as 
it obscures the selective contacts, and its response time, due to the defective nature of the 
POx layer.  

  

                                                           
7Reproduced with permission from J. Bullock, M. Amani et al., Nature Photonics, 12, 
601-607, 2018. Copyright © [2018] Springer Nature. 
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Fig. 4-2-1 bP/MoS2 heterojunction photodiode concept. a, Schematic of device 
configuration, showing the heterojunction and contact configuration. b, Optical micrograph 
of a completed device, regions containing bP and MoS2 are outlined for clarity. c, 
Simulated energy band diagram of the device under equilibrium. d, Cross-sectional TEM 
image of a completed photodiode. e, High resolution cross-sectional TEM image showing 
the bP/MoS2 interface. f, High resolution cross-sectional TEM image showing the bP/Au 
interface. 
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Fig. 4-2-2 Infrared optical constants of bP. a, Schematic diagram of bP crystal structure, 
b, Reflection of bP on Au, measured for crystals with thickness ranging from 50 nm to 500 
nm with the polarizer aligned in the x-direction. c, Reflection of bP on Au, measured for 
crystals with thickness ranging from 50 nm to 500 nm with the polarizer aligned in the y-
direction. d, Extracted complex refractive index of bP in the x-direction. e, Extracted 
complex refractive index of bP in the y-direction. Error bars in d and e are based on the 
deviation between the modelled and measured reflection at each wavelength. f, Modelled 
absorption in bP layer, for a bP / MoS2 stack on Au, as a function of the bP and MoS2 layer 
thicknesses. 
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 Losses due to reflection limit the fraction of incident light that can be absorbed and 
are a strong function of both the bP and MoS2 layer thicknesses. The reflection and 
absorption in the device can be modelled utilizing the complex refractive index (n, k) of 
the two materials. While broadband values of n and k have been reported for MoS2, only 
the visible refractive index has been characterized for bP to date.7-17 The anisotropic 
crystalline structure of bP, shown in Fig 4-2-2a, results in polarization dependent optical 
properties (referred to as linear dichroism). Light impinging with an electrical field parallel 
to the x-axis, or arm-chair direction, sees a sharp absorption onset at the bulk bP band edge 
of ~0.31 eV.6,7,18  Absorption of polarised light aligned to the y-axis or zig-zag direction, 
however, is symmetry-forbidden at the ~0.31eV band edge and substantially weaker at 
higher energy wavelengths.7,8,19 This has been confirmed experimentally for bulk bP from 
MWIR to visible wavelengths.5,7,20 To extract an effective n and k for the x-and y-directions 
in bP, polarized IR reflection measurements were performed on bP crystals with varying 
thickness, ranging from 50 nm to 500 nm, on Au substrates. The combined interpolation 
of these polarized reflection measurements is shown in Fig. 4-2-2b and 4-2-2c for incident 
polarizations aligned along the x- and y-axis of bP, respectively.  

For polarized illumination aligned to the x-direction, a clear drop in reflection can 
be seen at photon energies above 0.31 eV for all thicknesses. This is a result of the onset 
of absorption at the band edge of bP. As expected, no such sharp step is seen for the y-
direction in Fig. 4-2-2c. Refractive index values are obtained using the transfer matrix 
method,21 to fit a model of the thickness (t) dependent reflection Rmodel(t) to the measured 
reflection Rmeas(t) at each wavelength. The model is based on a bP / Au stack and assumes 
that the refractive index is thickness independent across the measured thickness range (50 
– 500 nm). This assumption is based on the predicted saturation of the layer dependent 
band-structure of bP above ~8 layers,6 and also further demonstrated by fitted reflection 
measurements. The extracted n and k values for the x-direction and y-direction are provided 
in Fig. 4-2-2d and 4-2-2e, respectively. For light polarized in the x-direction a pronounced 
step in the extinction coefficient, k, is observed at λ = 3.8 μm which corresponds well to 
the expected band edge of bP.  



110 
 

 
Fig. 4-2-3 Photoresponse and detectivity. a, IV curve of a bP/MoS2 heterojunction 
photodiode; inset shows measurement taken in the dark and under illumination by a 1000 
K blackbody source. b, Measured photocurrent as a function of incident illumination 
intensity. Excitation is performed with a λ = 2.7 μm laser diode. Error bars are based on 
the uncertainty in the laser spot size, c, spectrally dependent ηe, ηi and 100%-R for a bP / 
MoS2 heterojunction photodiode, d, measured ηe at λ=3.5 μm as a function of polarisation 
angle, e, Spectral ηe as a function of temperature. Inset shows ηe and ηi at λ=3 μm as a 
function of temperature. f, Specific detectivity as a function of wavelength measured for a 
bP / MoS2 heterojunction at room temperature as well as various commercially available 
and reported MWIR photodetectors. All FTIR and laser diode characterisation was 
performed at a bias of 0 V. 
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With these n and k values, we use the transfer matrix method to simulate the 
absorption of the photodiode in the x-direction. Ideally from an electrical standpoint, the 
thickness of the bP layer should be minimized in order to reduce noise resulting from 
generation-recombination as well as to improve the carrier extraction efficiency. However, 
from an optical perspective, absorption within the bP layer, which is small for very thin 
layers, should be maximized. To obtain a compromise between these two requirements, the 
bP absorption, averaged between λ = 2.5-3.8 μm, is simulated as a function of the bP and 
MoS2 layer thicknesses. A contour plot of the modelled absorption is provided in Fig. 4-2-
2f. The periodic absorption behavior is associated with changes in front surface reflection 
due to thickness dependent constructive and destructive interference of MWIR light. A 
local maximum in absorption is seen for bP layers with a thickness of 170 nm on Au, with 
an MoS2 thickness of zero. This corresponds to the expected quarter wavelength minima 
in reflection, and hence interference effects can be used to provide a compromise between 
minimizing thickness and maximizing absorption. Given that an MoS2 layer with sufficient 
lateral conductivity is required to collect electrons, we choose an optimum device 
configuration of bP (~150 nm) / MoS2 (15 nm). With this optical design ~80% of incident 
light polarized in the x-direction at λ = 3 μm can be absorbed in the bP layer. We emphasize 
that, in terms of device thickness, this detector bridges the gap between conventional 2D 
material photodetectors and traditional bulk semiconductor detectors. Resultantly, it 
inherits benefits from both of these two detector classes, such as increased absorption as 
well as being free of surface dangling bonds.  

 The IV characteristics of a typical bP / MoS2 heterojunction photodiode, measured 
at 300 K with no illumination, is provided in Fig. 4-2-3a and shows the expected rectifying 
behavior of a diode formed using a narrow bandgap material. The inset of Fig. 4-2-3a 
compares the measured IV behavior with and without illumination from a 1000 K 
unpolarized blackbody source. The generation of photocarriers shifts the IV curve 
downwards, resulting in an open circuit voltage Voc and short circuit current Isc, confirming 
that the device is operating in the photovoltaic mode. Figure 4-2-3b shows the relationship 
between the short circuit current density Jsc and incident optical power density from a λ = 
2.7 μm laser diode source. The device shows the expected linear increase in photocurrent 
as a function of incident light power density over the full measurement range, which spans 
five orders of magnitude. Similar results are found using a λ = 1.6 μm illumination source. 

The quantum efficiency of the device is measured under x-direction polarized 
illumination using a calibrated Fourier transform infrared spectrometer (FTIR), the setup 
of which is described in section 4-4. As shown in Fig 4-2-3c, the bP / MoS2 photodiode 
shows an external quantum efficiency ηe of ~30-35% from λ=2.5-3.5 μm. These are the 
highest ηe values reported for bP in this range at room temperature and correspond to 
current responsivity values of ~0.9 A/W. Also presented in Fig 4-2-3c is the measured 
reflection R, plotted as 100%-R. The narrow spectral band of MWIR light coupled into the 
absorber corresponds to the targeted quarter wavelength interference feature with its peak 
occurring just below λ=3 μm. From ηe and R, the internal quantum efficiency (ηi) can also 
be calculated according to: 𝜂i(𝜆) = 𝜂e(𝜆)/(100 − 𝑅(𝜆)), yielding a value of 40-50% at 
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room temperature. The polarization dependence of ηe at λ = 3.5 μm, as a function of 
polarization angle, is provided in the polar plot of Fig. 4-2-3d. It can be seen that as the 
polarization angle is changed from 0o (aligned with the x-axis) to 90o (aligned to the y-axis) 
a decrease in ηe, from greater than 30% to less than 1%, is measured. That the ηe for x-
polarized light is substantially higher than for y-polarized light is consistent with the 
anisotropic absorption discussed in Fig. 4-2-2 and is in alignment with previous 
responsivity measurements of bP photodetectors at shorter wavelengths.7  

As shown in Fig. 4-2-3e, the ηe shows no significant changes in spectral shape as a 
function of temperature, apart from a small red-shift in the absorption edge, attributed to a 
decrease in the bandgap with decreasing temperature. This anomalous temperature 
dependence of the bandgap has been previously predicted and experimentally observed in 
bP.18,19 However, ηe increases as the temperature is decreased, reaching a value of 63% at 
78 K. This is further illustrated in the inset of Fig 4-2-3c, with ηe and ηi (measured at λ = 3 
μm) plotted as a function of inverse temperature, showing that ηi reaches a peak value of 
84% at 100 K. This is most likely a result of an increase in the minority carrier diffusion 
length at lower temperatures, which in turn increases the collection efficiency of the back 
contact. A previously measured increase in bP’s mobility at low temperatures (μh,300k ≈ 750 
cm2V-1s-1, μh,77k ≈ 3,800 cm2V-1s-1).24, can partially account for this predicted increasing 
diffusion length.   

To directly compare the performance of the bP / MoS2 photodiode to conventional 
photodetectors, we extract its specific detectivity D*. This is achieved utilizing two 
independent approaches, which are discussed in detail in section 4-4 section. Firstly, D* is 
calculated, following the approach suggested in Ref3 for a photodiode under 0 V bias, from 
ηe and the zero-bias resistance area product (R0A): 

𝐷∗ =
𝜂𝑒𝜆𝑞

ℎ𝑐
[
4𝑘𝑇

𝑅0𝐴
+ 2𝑞2𝜂𝑒Φ𝑏]

−1/2

    (1) 

where λ is the wavelength, q is the elementary charge, c is the speed of light in vacuum, T 
is the detector temperature, Φb is the background flux density and h and k are the Planck 
and Boltzmann constants. The second term in the parenthesis accounts for contributions to 
noise from fluctuations in the thermal background and is negligible in this case, since 
4kT/R0A > 2q2ηeΦb. Figure 4-2-3f shows D*(λ) extracted from this approach at room 
temperature compared against the current state-of-the-art room temperature 
photodiodes,21,22 many of which are commercially available. It can be seen that the bP 
photodiode outperforms more established technologies in the MWIR region, with a peak 
D* of 1.1 × 1010 cmHz1/2W-1 at λ = 3.8 μm. It should be noted that the MoS2 / bP photodiode 
presented in Figure 4-2-3 has been characterized at 0 V bias, unlike many of the detectors 
presented in Figure 4-2-3f, which require an applied bias to obtain the reported values. To 
verify the MoS2 / bP photodiode D* values, the noise equivalent power (NEP) was 
measured for this device under flood illumination from a blackbody source as described in 
section 4-4. In this approach the incident power density is calculated using geometrical 
considerations, the temperature of the source and an integration of the total irradiance to 
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the band edge.23 Additionally, the noise is directly measured allowing D* to be calculated 
as √𝐴Δ𝑓/NEP, where Δf is the integration time (1 second) and A is the area. From this 
measurement, we find a room temperature D* value of 7×109 cmHz1/2W-1. This value is in 
good agreement with the spectral D*, calculated from the device R0A shown in Fig. 4-2-3f. 

The frequency response and noise current for the bP / MoS2 heterojunction 
photodiodes is characterized in Fig. 4-2-4. As shown in Fig. 4-2-4a no observable baseline 
drift in photoresponse is observed under modulated laser diode illumination (λ = 2.7 μm). 
In addition, the rise and fall times, measured under λ = 2.7 μm illumination at 0 V bias, are 
found to be 3.7 μs and 4 μs, respectively as shown in Fig. 4-2-4b. These values are among 
the fastest reported for bP based photoconductors and photodiodes.14,16,28 While this is 
slower than commercially available MWIR photodiodes,29 these values are promising 
given the early stage of device development and are faster than common photoconductive 
and thermal detectors. Improvements in response time could be achieved by reducing the 
bP bulk trap concentration during crystal growth and eliminating defective POx interfacial 
layers, by developing an oxidant free fabrication procedure. The dashed purple lines in Fig. 
4-2-4b, measured from a commercially available InAs photodiode, are included to provide 
a reference of the instrument response. Similar rise / fall times are found when an 
illumination source of λ = 1.6 μm is used. Figure 4-2-4c shows the measured frequency 
response, with the 3 dB point at approximately 100 kHz using a λ = 1.6 μm illumination 
source. Figure 4-2-4d shows the measured noise current spectrum of the bP / MoS2 
photodiode. The shape it exhibits is commonly seen in systems dominated by generation-
recombination noise and notably 1/f noise behavior is not observed at low frequencies since 
the device is operated in photovoltaic mode at zero bias.30 The measured low-frequency 
noise has a value of 4×10-13 A Hz-1/2. This is similar but higher than that reported previously 
for photodiodes fabricated using bPAs which exhibit low-frequency noise of ~7×10-14 A 
Hz-1/2. This difference can be attributed to the thicker absorber layer (~150 nm) used in this 
work in comparison with devices in Ref.31 (5-20 nm), which results in lower generation 
recombination noise. 
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Fig 4-2-4 Frequency response and noise. a, Photocurrent measured from a bP / MoS2 
photodiode under a modulated illumination source (λ= 2.7 μm). b, 90%-10% rise and fall 
times measured with a λ= 2.7 μm illumination source (~10 mW/cm2). Green solid lines are 
representative of the bP / MoS2 photodiode and the purple dotted lines show the instrument 
response (measured using a commercial InAs photodiode, Judson J12D). c, Frequency 
response of a bP / MoS2 photodiode, showing a 3-dB frequency of 100 kHz (λ=1.6 μm). d, 
Spectral noise density of a bP / MoS2 photodiode. All device photoresponse and noise 
characterization was performed at a bias of 0 V. 
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Fig 4-2-5 Polarization resolved bP/MoS2 heterojunction photodiode. a, Schematic of 
polarization resolved bP/MoS2 heterojunction photodiode, showing the heterojunction and 
contact configuration. b, Cross-sectional TEM image of a completed polarization resolved 
bP/MoS2 heterojunction photodetector, showing the various layers in the device. c, 
Electrical configurations used to measure: photoresponse from bPt (i), photoresponse from 
bPb (ii), and photoresponse from the top or bottom mode using the bias selectable mode 
(iii). d, Spectrally resolved photoresponse measured from bPt and bPb under linearly 
polarized illumination normal and perpendicular to the device. e, Measured photoresponse 
under linearly polarized illumination at λ = 3 μm in bPt and bPb as a function of polarizer 
angle. f, spectrally resolved photoresponse of the device in the bias selectable mode under 
four different conditions: ±250 mV for polarization aligned to the x-axis of the top and 
bottom devices. 
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Finally, we leverage this device structure and the anisotropic optical properties of 
bP to develop a polarization resolved detector. A schematic of the polarization resolved 
detector developed in this study is shown in Fig. 4-2-5a and a false colored TEM cross-
section of a fabricated device is shown in Fig. 4-2-5b. The device consists of two vertically 
stacked bP layers arranged so that their crystal orientations are perpendicular to one 
another. These two bP layers are separated by a common MoS2 electron contact and each 
bP layer has an isolated hole contact. This configuration is similar to two-color back-to-
back photodiodes which have been previously demonstrated with III-V semiconductors.32 
The bottom bP layer utilizes a full-area Au hole contact, similar to the photodiodes 
presented above, while the top bP layer collects holes through a MoOx / Pd hole contact 
adjacent to the back reflector. The MoOx / Pd stack has been shown to be an effective hole 
contact to a number of semiconductor materials,33,34 owing to its large work function. 

To demonstrate the performance of this device, spectrally resolved photoresponse 
measurements are taken individually on the top and bottom bP photodetectors using the 
circuit configuration shown in Fig 4-2-5c i and ii, respectively. Each device is measured 
under two conditions: linearly polarized light aligned to the x-axis of the top device (90o) 
and, linearly polarised light aligned to the x-axis of bottom device (0o). All four 
measurements are provided in Fig. 5d. The performance of this device can be quantified 
by an extinction ratio re for each layer, defined as the photoresponse measured with x-
polarized illumination divided by photoresponse for y-polarized illumination. For both the 
top and bottom devices re values of ~100:1 are calculated at λ = 3.5 μm, which is on the 
order of the extinction ratio of the polarizer used in this study. These results are further 
corroborated by the polar plot of Fig. 4-2-5e, which shows the photoresponse as a function 
of polarizer angle at λ = 3.5 μm. In separate measurements, it is shown that the device is 
also able to simultaneously detect the two linear polarization components when illuminated 
with unpolarized light. Furthermore, the response from the individual detectors can be 
accessed in a bias-selectable (i.e. two-terminal configuration) as depicted in the circuit 
schematic of Fig 4-2-5c iii.  By applying a bias of ±250 mV across the outer contacts one 
device is reverse biased (where the photocurrent is collected), and the other forward biased 
(contributing negligibly to the photocurrent). Note that for these measurements the MoS2 
contact was electrically disconnected. The functionality of this configuration is clearly seen 
in Fig. 4-2-5f by the exclusive collection of only 0o or 90o linear polarized MWIR light 
under negative or positive biasing, respectively. A bias of ±250 mV was chosen as it was 
the minimum value at which photocurrent from the two detectors could be effectively 
separated. Higher biases were avoided to minimize noise due to dark current in the device. 
The unbalanced photocurrent from the top and bottom bP layers can be attributed to a 
combination of device variation and differences in absorption arising from the layer 
thicknesses and their position within the device stack. An optical structure, which couples 
in and absorbs an equal proportion of perpendicularly polarized light in the two bP 
absorbers, can be realised by controlling the bP and MoS2 layer thicknesses and integrating 
an antireflection layer. 
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In summary, we have designed and fabricated MWIR bP / MoS2 heterojunction 
photodiodes with high performance at room temperature. By determining the complex 
refractive index in the IR, we have designed a simple optical structure for the bP / MoS2 
photodiode that achieves high MWIR absorption via interference. This allows the use of a 
moderately thin bP layer (~150 nm), which reduces noise while still permitting high 
absorption (in excess of ~80%) within a narrow band in the MWIR region. These devices 
display impressive room temperature ηe and D* values of 35% and 1.1 × 1010 cmHz1/2W-1, 
respectively. Finally, we utilize the anisotropic optical properties of bP to demonstrate a 
bias-selectable polarization-resolved monolithic photodetector, which is capable of 
simultaneously detecting orthogonally polarized light without the use of external optics. 
This could further be expanded upon to create polarimetry focal plane arrays which do not 
rely on moving parts or additional optical components. 
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4.3 – Photoconductive SWIR detectors based on tellurium8 

 

Two-dimensional (2D) materials, particularly black phosphorous (bP), have 
demonstrated themselves to be excellent candidates for high-performance infrared 
photodetectors and transistors. However, high-quality bP can be only obtained via 
mechanical exfoliation from high temperature- and high-pressure-grown bulk crystals and 
degrades rapidly when exposed to ambient conditions. Here, we report solution-
synthesized and air-stable quasi-2D tellurium (Te) nanoflakes for short-wave infrared 
(SWIR) photodetectors. We perform comprehensive optical characterization via 
polarization-resolved transmission and reflection measurements, and report the absorbance 
and complex refractive index of Te crystals. It is found that this material is an indirect 
semiconductor with a bandgap of 0.31 eV. From temperature-dependent electrical 
measurements, we confirm this bandgap value and find that 12 nm thick Te nanoflake show 
high hole mobilities of 450 and 1430 cm2 V-1 s-1 at 300K and 77K, respectively. Finally, 
we demonstrate that despite its indirect bandgap, Te can be utilized for high-performance 
SWIR photodetectors by employing optical cavity substrates consisting of Au/Al2O3 to 
dramatically increase the absorption in the semiconductor. By changing the thickness of 
the Al2O3 cavity, the peak responsivity of Te photoconductors can be tuned from 1.4 μm 
(13 A/W) to 2.4 μm (8 A/W) with a cut-off wavelength of 3.4 μm, fully capturing the SWIR 
band. An optimized room temperature specific detectivity (D*) of 2×109 cm Hz1/2 W-1 is 
obtained at a wavelength of 1.7 μm.  

 Narrow bandgap semiconductors, with bandgaps in the range of 0.7 to 0.3 eV, have 
been heavily investigated for numerous applications. These include high-speed and high-
performance transistors, which typically require materials with high mobility and low 
effective mass.1,2 Additionally, photodetectors and light sources which can operate in the 
short-wave infrared (SWIR, 1.4 μm – 3 μm) band are heavily utilized for imaging and 
optical communication.3-5 This area has typically been dominated by III-V semiconductors 
such as indium gallium arsenide (InGaAs) and indium gallium arsenide phosphide 
(InGaAsP), which have excellent performance but require complex growth and fabrication 
procedures.6,7 Numerous research groups have investigated techniques to achieve III-V 
semiconductors through non-epitaxial growth on silicon or by layer transfer.8-11 However, 
these techniques still introduce significant complexity and may require high growth 
temperature. Moreover, key limitations still exist in InGaAs-based devices; an example 
being edge-recombination in scaled InGaAs photodiodes which limits pixel sizes in focal 
plane arrays to dimensions of 5-6 μm, well above the diffraction limit.12 As such, there is 
a pressing need to find suitable materials that can either improve the performance and/or 
reduce the costs of these devices. 

                                                           
8Reproduced with permission from M. Amani, C. Tan, et al., ACS Nano, 12, 7253-7263, 
2018. Copyright © [2017] ACS. 
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One such potential material system is two-dimensional (2D) materials, which have 
been heavily studied over the past decade. One of the key advantages of 2D materials, 
which enables their high performance, is their naturally terminated surfaces; i.e. since the 
out-of-plane bonds in these materials are van der Waals rather than covalent.13,14 As such, 
they do not suffer from the surface-induced performance degradation commonly observed 
in three-dimensional (3D) semiconductors, which require surface passivation (typically in 
the form of cladding layers). This has enabled extraordinary electronic and optical 
properties of these materials such as photoluminescence quantum yields approaching unity 
and their exceptional thickness scalability down to the monolayer limit.15,16 Devices which 
have exploited the advantages and physics of 2D systems have demonstrated dramatic 
scaling as well as new devices paradigms.17-19 However, edges in 2D layers still act as 
recombination centers and are analogous to a surface in a 3D crystal structure.20 A recent 
work by Wang et al. demonstrated the solution synthesis of air-stable quasi-2D Te 
nanosheets and its high-performance for field-effect transistors.21 Note that Te is a true 
one-dimensional (1D) system, which can potentially overcome some of these limitations 
since it consists of van der Waals bonded molecular chains.22 As such these material 
systems naturally possess no dangling bonds when scaled, with the exception of the ends 
of the molecular chains.22 Importantly, this material also possesses a small, thickness 
tunable bandgap enabling its potential use in SWIR photodetectors. Recent theoretical 
works have predicated an indirect gap of 0.35 eV in bulk and a direct gap of 1.04 eV in the 
monolayer case.23,24 

Here, we systematically study the optical and electrical properties of solution-
synthesized quasi-2D Te nanoflakes. From polarization-resolved IR transmission and 
reflection measurements, we experimentally extract the bandgap, absorbance, and complex 
refractive index of this material.  Temperature-dependent electrical measurements were 
performed to verify the optically measured bandgap values as well as determine the carrier 
transport properties as a function of temperature in quasi-2D Te nanoflakes. Finally, we 
demonstrate SWIR photoconductive detectors based on thin (16-20 nm) quasi-2D Te 
nanoflakes. Although this material has low absorbance in the SWIR (6×105 cm-1 for 
wavelengths in the range of 2 to 3.5 μm) induced by the indirect bandgap, the Te nanoflake-
based photodetectors exhibit high photoresponsivity and specific detectivity by leveraging 
optical cavities engineered to maximize absorption at various technologically important 
wavelengths in the SWIR range.  
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Fig. 4-3-1. Crystal structure of tellurium: (a) viewed from x-axis, (b) single-molecular 
chain and (c) viewed from z-axis. (d) TEM image, (e) corresponding HR-TEM image and 
(f) SAED pattern of a typical tellurium nanoflake. 
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Fig. 4-3-2. (a) Optical microscope image of tellurium nanoflakes deposited on a SiO2/Si 
substrate, scale bar is 10 μm. (b) AFM image of typical tellurium nanoflake (top) and the 
corresponding height profile (bottom), scale bar is 1 μm. (c) Raman spectrum of tellurium 
nanoflakes. (d) XRD pattern of dried tellurium nanoflake powder. 
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Fig. 4-3-3. (a) Back-gated Id-Vg characteristics of a 12.3 nm thick Te nanoflake with Pd 
contacts on 50 nm SiO2 measured at room temperature; inset shows optical image of the 
device, scale bar is 10 μm. (b) Id-Vd measured for the same device as shown in panel (a). 
(c) Effective mobility as a function of gate overdrive voltage for the device shown in panel 
(a) under a Vd of -10 mV, giving a peak mobility value of 619 cm-2 V-1 s-1. (d) Thickness 
dependence of the on/off ratio measured for Te nanoflakes of varying thickness in the range 
of 12-36 nm. (e) Thickness dependence of the peak effective mobility measured for Te 
nanoflakes of varying thickness in the range of 12-36 nm. 
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Fig. 4-3-4. (a) Temperature dependent Id-Vg characteristics of a 12 nm thick Te nanoflake, 
measured at a low Vd of -10 mV. Scale bar is 5 μm. (b) Effective mobility for quasi-2D Te 
nanoflakes with varying thickness as a function of temperature extracted from panel (a) at 
a constant gate overdrive voltage of -10 V, dashed line shows a power law fit. (c) Arrhenius 
plot showing the minimum drain source current (Id,min) as a function of temperature 
extracted from the data shown in panel (a). 
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Quasi-2D Te nanoflakes with varying thickness in the range of 10-200 nm were 
synthesized by a hydrothermal method via reduction of sodium tellurite with hydrazine 
hydrate in the presence of poly(-vinyl pyrrolidone) in an aqueous alkaline solution at 180℃ 
for certain varying times (details are provided in methods).21,25 The crystal structure of Te 
is shown in Figure 4-3-1a-c. The Te crystallizes in a structure composed of Te atomic 
chains in a triangular helix that are stacked together via van der Waals forces in a hexagonal 
array (Figure 4-3-1a). In this structure, Te atoms only form covalent bonds to the two 
nearest neighbor Te atoms in the helical chain (Figure 4-3-1b). Therefore, Te is a true 1D 
system rather than a 2D van der Waals crystal. When it is viewed from x-axis, the zig-zag 
layers are seen to be stacked together via van der Waals forces to form a 3D structure 
(Figure 4-3-1c). Figure 4-3-1d shows the transmission electron microscope (TEM) image 
of a typical Te nanoflake with a length of 15 μm and width of 4 μm. The corresponding 
high-resolution TEM (HR-TEM) image shows the continuous crystal lattice of the Te 
nanoflake and the measured the lattice constant is ~2 Å (Figure 4-3-1e), which is assignable 
to the (003) planes of the Te crystal. The corresponding selected area electron diffraction 
(SAED) pattern of the Te nanoflake shows bright diffraction spots with a rectangular shape, 
in which the nearest two spots to the diffraction center correspond to the (110) and (001) 
planes of the Te crystal (Figure 4-3-1f). Both the HR-TEM and SAED pattern results 
indicate that the solution-synthesized Te nanoflake is single-crystalline. The optical image 
shows that Te nanoflakes have an irregular shape with length of tens of micrometers, width 
of few micrometers and thickness of 10-30 nm (Figure 4-3-2a). Note that there are always 
some Te nanowires along Te nanoflakes in the growth solution, but Te nanowires can be 
partially removed from the solution by proper centrifugation (see the details in section 4-
4). An atomic force microscope (AFM) image of a Te nanoflake with a thickness of 16.1 
nm is shown in Figure 4-3-2b. Raman spectrum of tellurium nanoflakes gives three 
vibrational modes at 92, 121, 141 cm-1 (Figure 4-3-2c) corresponding to the E1-TO, A1, 
and E2 peaks, which are consistent with previous literature reports.21,26 The X-ray 
diffraction (XRD) peaks of Te nanoflakes match well with the simulated reference (Figure 
4-3-2d). Both Raman and XRD analysis further confirm the successful preparation of Te 
nanoflakes.21,25 

We now turn our attention to the electrical properties and performance of the quasi-
2D Te nanoflakes. To this end, back-gated field-effect transistors were fabricated on Si/50 
nm SiO2 by patterning Pd (40 nm thick) electrodes on Te nanoflakes with thickness ranging 
from 10-20 nm using electron-beam lithography.21 The Id-Vd characteristics of a 12.3 nm 
thick quasi-2D Te field-effect transistor, as well as an optical image of the measured device 
(L = 6.8 μm, W = 1.5 μm, where L and W are length and width respectively) are shown in 
Figure 4-3-3a. The device shows dominantly p-type transport characteristics and a peak 
current density of 116 μA/μm at a Vd = -1 V and Vg = -20 V. It should be noted that in some 
devices ambipolar transport characteristics are observed, indicating that via proper contact 
engineering n-type transport could be obtained. Additionally, this device shows a current 
on/off ratio of ~3×103, which is expected for a material with a small bulk bandgap of ~0.31 
eV. The output characteristics of this device are shown in Figure 4-3-3b, and show current 



126 
 

saturation at high drain bias, as well as linear behavior at low drain biases, indicating low 
contact resistance. We then utilize the square law model to calculate the effective mobility 
(μEff) in this device as a function of gate field (Figure 4-3-3c) using 𝜇𝐸𝑓𝑓 =

(𝑑𝐼𝑑/𝑑𝑉𝑑)/[𝐶𝑜𝑥(𝑉𝑔 − 𝑉𝑡 − 0.5𝑉𝑔)], where Cox is the gate capacitance (69.1 nF cm-2 in the 
case of 50 nm SiO2) and Vt is the threshold voltage. We extract a high peak μEff of 619 
cm2V-1s-1 for holes, which is very competitive with high-performance p-type 
semiconductors with similar bandgaps such as InGaSb and bP, especially considering that 
the material is prepared by a solution-based method.27-29 The thickness-dependent transport 
properties of quasi-2D Te nanoflakes were also investigated over a range of 11 to 36 nm 
as shown in Figure 4-3-3d and 4-3-3e. As the overall thickness of the Te nanoflakes is 
reduced a dramatic improvement in the ratio of the on/off currents from ~30× to ~4000× 
can be observed, which can be attributed to reduced gating efficiency in the device. 
Furthermore, over this measured thickness range, we find that there is negligible variation 
in the peak effective mobility which has an average value of 424±74 cm2V-1s-1 over thirty-
nine measured samples. 

To better understand the transport in this material, we performed temperature-
dependent electrical characterization of the devices. Id-Vg characteristics of quasi-2D Te 
nanoflakes with different thicknesses measured over a temperature range of 77K to 350K 
are shown in Figure 4-3-4a. A clear increase in the current on/off ratio can be observed 
when the device is cooled, which is consistent with small bandgap materials, where thermal 
generation dramatically increases the carrier densities at elevated temperatures. From the 
temperature-dependent measurements, we extract the μEff at a gate overdrive of -10 V as a 
function of temperature for different layer thicknesses as shown in Figure 4-3-4b. For all 
thicknesses, the mobility increases as the temperature is reduced, with the 12 nm thick 
device showing a μEff of 1430 and 450 cm2V-1s-1 at 77K and 300K respectively. For all 
three thicknesses, we observe the temperature dependence of mobility can be fitted with a 
power law, μEff ∝ T-γ, where γ = -1.03 in our case. This indicates that the mobility in this 
material is limited by phonon scattering and not ionized impurities.30 Additionally, we 
estimate the bandgap using temperature-dependent measurements on a device prepared on 
a 260 nm gate oxide. In this case, the minimum drain currents, Id,min, is determined by 
thermal activation of carriers over the contact Schottky barrier height.31 The resulting data, 
shown in Figure 4-3-4c, can be fit using:  

𝐼d,min ∝ exp (−𝐸g/𝑘𝑇) 

where T is the temperature, Eg is the transport bandgap, and k is the Boltzmann constant. 
We extract an Eg of 280 meV for a 11.8 nm thick sample, and it is important to note that 
this method is expected to underestimate the bandgap due to contributions from trap states.  
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Fig. 4-3-5. (a) Polarization resolved transmission and reflection spectra measured for a 111 
nm thick Te nanoflake transferred on a KBr substrate, insets show the optical configuration 
used during measurements. (b) Absorption spectra for the nanoflake measured in panel (a), 
calculated from 100%-T-R. Inset shows the Te crystal directions of 0o and 90o. (c) 
Absorption coefficient of tellurium for unpolarized light, as well as light aligned parallel 
to z-axis (0o) and y-axis (90o) of Te crystal. 

 

Fig. 4-3-6. (a) Reflection of quasi-2D Te nanoflakes on Au substrates, with Te thickness 
ranging from 20 nm to 180 nm. Plot is obtained from interpolation of spectra taken on 18 
Te crystal nanoflakes of varying thicknesses. (b) Complex refractive index of quasi-2D Te 
nanoflakes calculated by fitting measured reflection data as a function of thickness. 
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To identify the optical bandgap of the quasi-2D Te nanoflakes, we performed 
polarization-resolved transmission and reflection measurements on Te nanoflakes which 
were transferred onto KBr. Polarization-resolved transmission and reflection spectra 
measured on a 111 nm thick sample are shown in Figure 4-3-5a. In order to accurately 
extract the absorption in the sample, the optical path was kept constant for both the 
transmission and reflection measurements, as annotated in the Figure 4-3-5a. Transmission 
and reflection spectra were taken in reference to the blank KBr substrate and an Au mirror, 
respectively. The total absorption and the corresponding absorption coefficient in the 
material can then be calculated as 100%-Reflection-Transmission as shown in Figure 4-3-
5b and 4-3-5c. For light polarized along the direction of the Te molecular wires (defined 
as 90°), we measure a strong absorption that can be fitted to a direct bandgap (Figure 4-3-
5c) at 0.71 eV. However, when the light is polarized perpendicular to the axis of the Te 
molecular wires (defined as 0°) a significantly weaker absorption edge is observed at lower 
wavelengths. From similar analysis, the transition can be fitted to an indirect bandgap at 
0.31 eV. Importantly, while the absorption coefficient for wavelengths below 1.6 μm is 
high (4.5×106 cm-1), the absorption for longer wavelengths (1.6 μm < λ < 3.4 μm) is an 
order of magnitude lower (6×105 cm-1). As such, in order to effectively utilize this material 
in the full SWIR band, it is necessary to increase the absorption via proper optical 
engineering.32  

To this end, we extracted the complex refractive index (n, k) which can be used to 
estimate the total absorption in the quasi-2D Te layers in combination with optical cavities, 
back-reflectors, or anti-reflection coatings. The refractive index was extracted using a 
previously established technique for nanoscale materials for unpolarized light, where 
reflection is measured as a function of oxide or sample thickness.33 In our case, quasi-2D 
Te nanoflakes of thicknesses varying from 16 nm to 180 nm were drop-casted on Au 
substrates, and the reflection spectra were measured using an Fourier transform infrared 
spectrometer (FTIR). The resulting reflection data are plotted as a function of thickness 
and wavelength. (Figure 4-3-6a). To extract the complex refractive index from the 
reflection measurements, we utilize the transfer matrix method to fit a refractive index to 
the measured reflection versus thickness at each wavelength.34 The extracted n and k values 
are plotted in Figure 4-3-6b; the extracted extinction coefficient clearly shows absorption 
resulting from both the indirect and direct transitions at the expected wavelengths and 
corroborates the results from absorption measurements shown in Figure 4-3-5c.  

Based on the optical properties and electrical properties of quasi-2D Te, the device 
structure shown in Figure 4-3-7a was chosen to optimize photoconductive detectors 
targeting the SWIR spectrum. Here, we selected thicknesses in the range of 16-20 nm for 
the quasi-2D Te layers, which provides desired electrical characteristics, the most 
important of which being a low dark current.35 To increase the absorption, an optical cavity 
consisting of an optically thick Au film (100 nm) and an Al2O3 dielectric spacer layer was 
utilized. The predicted absorption for an 18 nm thick Te layer as a function of wavelength 
and Al2O3 thickness was calculated using the transfer matrix method and is shown in Figure 
4-3-7b. From these simulations, it can be clearly seen that by adjusting the thickness of the 
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Al2O3 layer, the peak absorption wavelength can be tuned over a large range and the total 
absorption in the material can be increased by over two orders of magnitude relative to a 
sample on Si/SiO2. Additionally, the optical cavity simultaneously acts as the gate stack in 
this structure. 

Figure 4-3-7c shows optical images of devices fabricated on three different Al2O3 
spacer thickness (550 nm (i), 150 nm (ii), and 350 nm (iii)), which are selected to provide 
optimized absorption at 1.4 μm, 1.8 μm, and 2.2 μm, respectively. The spectral responsivity 
of these devices to SWIR illumination was characterized using an FTIR, by placing the 
devices in place of the internal detector and focusing the light source of the FTIR on the 
device with a CaF2 lens. To calibrate the measurements, the internal Deuterated Triglycine 
Sulfate (DTGS) in the FTIR, which has a wavelength independent responsivity, was used 
to determine the relative intensity of the light source while a NIST traceable Ge photodiode 
was used to determine the absolute intensity of the illumination (further measurement 
details are provided in section 4-4 and ref. 35). The final responsivity (R) is then calculated 
as R(λ) = Iph(λ)/Pin(λ), where Iph is the photocurrent and Pin is the incident optical power on 
the device. The spectral responsivity for representative devices fabricated on the three 
different optical cavity substrates are shown in Figure 4-3-7d. Devices fabricated on these 
three substrates were measured at a drain bias of Vd = 5 V, and the gate voltage was adjusted 
to maximize the responsivity. The measured responsivity curves closely match the 
calculated absorption curves which further confirms the estimated refractive index values. 

 To further characterize the performance of these photodetectors, additional 
measurements were performed on an 18.8 nm thick device fabricated on a Au/150 nm 
Al2O3 substrate. The Id-Vg characteristics of a device measured at 78K and 297K without 
the presence of a cold shield is shown in Figure 4-3-8a. The gate and drain bias dependence 
of the device at an incident wavelength of 1.7 μm are shown in Figure 4-3-8b and 4-3-8c, 
respectively. We can see that the photoresponse can be strongly modulated by the gate bias 
and is maximized when the device is biased such that drain current is minimized, similar 
to what has previously been observed in bP photoconductors35,36. This can be seen in the 
clear peak responsivity of 27 A/W at 78K, while the responsivity at 297K saturates with 
increasing gate biases to a peak measured value of 16 A/W. Additionally, the device shows 
an approximately linearly increasing responsivity at low Vd, and begins to show saturation 
at high Vd. The full spectral responsivity of the device is shown in Figure 4-3-8d. For Vd = 
5 V, this detector shows a peak responsivity at λ = 1.7 μm of 27 A/W and 16 A/W at 78K 
and 297K, respectively.  
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Fig. 4-3-7. (a) Schematic showing the optical cavity structure used to fabricate SWIR 
photoconductors from quasi-2D Te nanoflakes in this study. An evaporated Au film acts 
as the gate electrode and back-reflector, while a Al2O3 dielectric layer acts as a ~λ/4 spacer 
as well as the gate oxide. (b) Calculated absorption in the Te layer, as a function of 
wavelength and Al2O3 thickness for a fixed semiconductor thickness of 18 nm. (c) Optical 
images of SWIR photoconductors fabricated on optical cavities with Al2O3 thickness of 
550 nm (i), 150 nm (ii), and 350 nm (iii); scale bar is 10 μm. (d) Measured responsivities 
of quasi-2D Te nanoflakes fabricated on optical cavities with different Al2O3 thicknesses. 
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Fig. 4-3-8. (a) Id-Vg characteristics of an 18.8 nm Te photoconductor measured at 297K 
and 78K under illumination and in the dark. Inset shows optical image of the measured 
device; scale bar is 10 μm. (b) Responsivity at 1.7 μm measured at 297K and 78K as a 
function of gate bias, at a constant drain bias of Vd = 5 V. (c) Responsivity at 1.7 μm 
measured at 297K and 78K as a function of drain bias at an optimized gate bias (Vg = 13 V 
at 78K and Vg = 25 V at 297K). (d) Spectral responsivity per watt of a Te photoconductor 
measured at 78K and 297K under optimized gate bias and Vd = 5 V. (e) Noise spectrum 
measured at room temperature for a Te photoconductor operated with optimized gate bias 
and a Vd = 5 V and optimized gate bias. (f) Specific detectivity of Te photoconductors with 
optimized thickness; measurements were performed under gating conditions which 
maximized detectivity for the specific device at room temperature. Note that an Au/Al2O3 
substrate with an Al2O3 thickness of 150 nm was used for the measurements. 
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To calculate the specific detectivity of this device, the noise current density is 
measured under bias conditions which give maximum responsivity at an integration time 
(Δf ) of one second and is shown in Figure 4-3-8e. The noise currents clearly show the 
expected 1/f  (where f is frequency) flicker noise which is typically attributed to charge 
trapping/de-trapping. Utilizing the noise and responsivity measurements, we calculate the 
specific detectivity (D*) using: 

𝐷∗ =
√𝐴∆𝑓

𝑁𝐸𝑃
=

𝑅√𝐴∆𝑓

𝑖n
 

where A is the detector area, NEP is noise equivalent power, and in is the noise current. In 
the ideal case for photoconductors, the in is limited by shot noise and can be calculated 
from dark current using: 〈𝑖S2〉 = 2𝑞𝐼G−R∆𝑓.37,38 This typically overestimates noise current; 
thus, we utilized the experimental noise currents taken at a modulation frequency of 1 kHz, 
which was selected to minimize the contribution of 1/f noise. The specific detectivity as a 
function of wavelength is shown in Figure 4-3-8f for both 78K and 297K. At room 
temperature these devices show a peak D* of 2.9×109 cmHz1/2W-1. This value dramatically 
increases at low temperatures due to the large decrease in the noise current as well as the 
improved responsivity to a peak value of 2.6×1011 cmHz1/2W-1. 

 

 

 To characterize the speed of this device, a directly modulated laser diode (λ = 1.55 
μm) was utilized to excite the photoconductor. The response of the device to a low-
frequency and high-frequency square wave are shown in Figure 4-3-9a and 4-3-9b, 
respectively. From both of the step responses shown in Figure 4-3-9a and 4-3-9b, a slow 
and fast component of the rise/fall time can be observed. To more clearly characterize this 
behavior, the photoresponse was measured with a sinusoidally modulated incident light 
over a wide frequency range (100 mHz to 100 kHz) as shown in Figure 4-3-9c. Over this 
measured spectral range, a clear 3dB cutoff wavelength cannot be observed, indicating that 
it is higher than the measured range. However, the device shows a weak increase in 
response for light modulated at low frequencies; i.e. the photoresponse at a 100 kHz shows 
only a ~5× drop relative to the low frequency (~0.1 Hz) photoresponse. It is likely that this 
behavior is a result of photoconductive gain present in the device which consistent with the 
high responsivity and the short carrier transit time (τtr), which is calculated to be 0.4 ns 
according to τtr = L2/(μVd), where L is channel length (8.9 μm) and μ in this case is 392 
cm2V-1s-1. The exact mechanisms of the gain likely is a result of the population and 
depopulation of trap states, which show saturation at high illumination powers.39-41 This is 
particularly likely given the fact that the Te nanoflakes in this work were prepared using 
solution-based synthesis. 
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Fig. 4-3-9. (a) Room-temperature step response of an 18.8nm thick Te photoconductor, 
excited by a 1550-nm laser modulated by a 0.5 Hz square wave. (b) Room-temperature 
step response of a Te photoconductor, excited by a 1550 nm laser modulated by a 1 kHz 
square wave. (c) Normalized photoresponse of a Te photoconductor versus modulation 
frequency; the device is excited using a sinusoidally modulated 1550 nm laser. Note that 
an Au/Al2O3 substrate with an Al2O3 thickness of 150 nm was used for the measurements. 
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Fig. 4-3-10.  (a) Polarization resolved photoresponse of an 18.8 nm thick quasi-2D Te 
nanoflake fabricated on an optical cavity with a 350 nm thick Al2O3. (b) Polar plot showing 
the relative response of the device shown in panel (a) at wavelengths of 3 μm and 1.5 μm 
as a function of polarization.  
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Finally, we investigated the polarization-dependent photoresponse of Te nanoflake-
based photodetectors. We chose a device fabricated on a 350 nm thick Al2O3 substrate as 
an example to measure the responsivity, which provides strong absorption enhancement at 
wavelengths covering indirect gap band edge. Figure 4-3-10a shows the responsivity of an 
18.8 nm thick Te photoconductor measured at various incident polarization angles, with 0° 
and 90° corresponding to light polarized perpendicular and parallel to the molecular wires, 
respectively. A clear drop in the responsivity for wavelengths greater 1.5 μm can be 
observed when the incident light is polarized at 90°, consistent with the indirect band edge. 
A polar plot showing the responsivity as a function of polarization at wavelengths of 3 μm 
and 1.5 μm is shown in Figure 4-3-10b, and clearly shows the highly anisotropic 
responsivity of the indirect gap, while the direct gap shows minimal dependence on the 
polarization of the light.  

In summary, we have performed a systematic study on the electrical and optical 
properties of solution-synthesized quasi-2D Te, an indirect, small bandgap (0.31 eV) 
semiconductor. The Te nanoflake-transistor shows high effective hole mobilities of 450 
and 1430 cm2 V-1 s-1 at 300K and 77K respectively. The absorbance and complex refractive 
index of Te were also extracted based on the polarization-resolved transmission and 
reflection measurements. Furthermore, the Te gated photodetectors exhibit high 
responsivities over the entire SWIR range with a cut-off wavelength of 3.4 μm. 
Importantly, using the extracted optical parameters, we dramatically enhanced the 
responsivity and specific detectivity of Te photodetectors using optical cavity substrates. 
We show that the peak wavelength can be tuned from 1.4 to 2.4 μm by changing the 
thickness of the Al2O3 cavity on Au. This simple substrate engineering technique can be a 
general way to significantly enhance the performance of other 2D material-based 
photodetectors. In addition, due to the anisotropic crystal structure of the Te nanoflakes, 
the devices possess a polarization-sensitive SWIR photoresponse. Our electrical and 
optoelectronic study indicate that Te is a promising material for high-performance and low-
cost electronic and optoelectronic devices. Finally, this material has a high potential for 
wafer-scale production either through the assembly of solution-processed nanoflakes to 
form semi-continuous thin films or through techniques such as chemical vapor deposition 
or epitaxial growth.  
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4.4 – Experimental and Theoretical Methods 

 

Black Phosphorous and Tellurium Photoconductor Fabrication 

b-P and b-PAs crystals (purchased from Smart Elements and HQ Graphene, respectively) 
were utilized for all devices in this study. Significant effort was made during processing to 
minimize exposure to ambient air, due to the hydroscopic nature of b-P. Crystal were 
exfoliated and spin-coated with PMMA C4 in a nitrogen glovebox on p++ Si/SiO2 chips 
with a 50 nm thick gate oxide. Following exfoliation and encapsulation with PMMA, 
suitable crystals were located by using an optical microscope and devices were fabricated 
using standard e-beam lithography techniques. After development, 40 nm thick Ni 
electrodes were deposited by thermal evaporation and lift-off was performed using 
anhydrous solvents in a nitrogen glovebox. The sample thickness was then measured in an 
N2 purged AFM (Bruker) and devices were subsequently wire bonded in a 24 pin chip 
carrier. Samples for absorption/reflection measurements were transferred to KBr substrates 
using a previously established dry transfer technique and were measured in an FTIR 
microscope. 

Black Phosphorous Photovoltaic Detector Fabrication 

Photodiodes presented in this work were fabricated by a dry transfer process utilising a 
poly(methyl methacrylate) (PMMA) carrier. In brief, freshly exfoliated bP and MoS2 sheets 
are transferred onto an Au pad creating an Au / bP / MoS2 stack. A contact to the MoS2 
layer was then patterned by e-beam lithography and a 40 nm thick Ni film was subsequently 
deposited by thermal evaporation. In some devices, the heterojunction was patterned by e-
beam lithography and subsequently etched in a Xactix vapor etching tool by XeF2.37 
Finished devices were encapsulated by an ~2 nm thick AlOx layer formed by thermal 
evaporation of Al.  

For the polarisation resolved detector, an identical dry transfer process was used to create 
an MoS2 / bP / Au stack. An additional bP flake was transferred on top of the MoS2 layer 
such that its crystal orientation was orthogonal to the bottom bP layer. The crystalline 
orientations of the bP sheets was determined using polarised reflection measurements 
performed in an FTIR microscope as described above. The hole contact for the top bP 
device was patterned using electron beam lithography, followed by evaporation of MoOx / 
Pd (4/30 nm). For all devices in this study, care was taken to reduce air exposure during 
fabrication of devices to minimise POx growth at the bP surface. Processing steps including 
bP exfoliation, lift-off, PMMA removal and AFM were all performed in either a glovebox 
or a nitrogen purged environment and all chemicals used were anhydrous.  

Synthesis of tellurium nanoflakes 

Tellurium nanoflakes were synthesized by a hydrothermal method according to a 
previously reported procedure with slight modifications. In a typical procedure, 1.5 g of 
PVP was first dissolved in 16 mL DI water and 46 mg of Na2TeO3 was then added and 
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dissolved into the PVP solution to form a clear solution. Then, 1.66 mL of ammonium 
hydroxide solution and 0.838 mL of hydrazine monohydrate was added into the above 
solution in sequence. The solution was then transferred into a 25 mL Teflon-lined stainless-
steel autoclave. The autoclave was sealed well and then placed in an oven. The autoclave 
was heated up to 180℃ from room temperature with ramp rate of 3 ℃/min and then 
maintained at 180℃ for 4 hours. After, the autoclave was removed from the oven and 
cooled to room temperature by running water immediately. The resulting product was 
purified and washed with DI water three times by centrifugation at 3000 r.p.m for 2 min. 
After washing and purification, the final tellurium solution is a silver-gray color. Note that 
there are always some Te nanowires coexisting along with Te nanoflakes and it is 
challenging to fully separate the nanowires from the nanoflakes. The final product was 
redispersed in pure ethanol before being transferred to the target substrate for 
characterization and device fabrication by drop-casting. Maintaining the autoclave in oven 
at 180℃ for 4h will produce the tellurium nanoflakes with a typical thickness in the range 
of 10-30 nm, with typical lateral dimensions of 10-50 μm. It is important to point out that 
the thickness of tellurium nanoflakes can be roughly controlled by controlling the reaction 
time (4-30 hours) at 180℃. The thickness of tellurium nanoflakes can be increased by 
prolonging the reaction. 

Refractive index extraction and optical simulations 

Samples for refractive index extraction were fabricated by thermally evaporating Ti / Au 
(5/80 nm) onto a Si/SiO2 carrier wafer. Following this, bP (Smart Elements) was 
mechanically exfoliated onto the Au surface in an N2 purged glovebox. A set of 22 bP 
flakes were chosen with approximately linearly spaced thickness from 50 to 500 nm, as 
measured by atomic force microscopy (AFM) (Bruker Dimension Icon). Polarised 
reflection measurements were taken using a Fourier transform infrared (FTIR) microscope 
(Thermo Scientific, Nicolet iS50) with a BaF2 wire grid linear polariser (Thorlabs). The 
arm-chair direction of the bP absorber was determined by measuring reflection as a 
function of polarisation, to find the angle at which maximum absorption occurs. Implicit 
in this approach is the assumption that the largest absorption will occur when light is 
aligned to the x, or arm-chair direction, a fact that has been theoretically predicted and 
demonstrated by a number of previous studies. In all cases the minimum absorption (at 
0.31 eV) was found to be offset by 90o from this angle, corresponding to the expected zig-
zag or y-direction. All FTIR reflection measurements in this study utilise a bare Au surface 
as a 100% reflection standard. The set of reflection curves in the x-direction were fitted 
using the transfer matrix method, which models the reflection of the bP / Au stack using 
the refractive indices of bP as the only fitting parameter. The optical simulations of the full 
bP / MoS2 / Au photodiodes were also performed through the transfer matrix method 
utilising known refractive index values for Au, constant values for MoS2 (n = 4.3, k = 0), 
as well as the refractive index values for bP measured in this work. An average of the bP 
absorption values over the λ = 2.5-3.8 μm range was obtained for every combination of 
MoS2 and bP thicknesses. 
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Infrared Detector Characterization 

Temperature dependent electrical measurements on b-P were performed in a flow cryo 
probe station (Lakeshore) using a B1500A Semiconductor Parameter Analyzer (Agilent). 
Spectral photoresponse measurements were performed in a FTIR spectrometer 
(ThermoFisher), with a customized Janis cryostat using a CaF2 window. Prior to 
measurement, the wire bonded devices were loaded into the spectrometer and evacuated to 
a base pressure of < 10-5 Torr. The cryostat was then placed at the auxiliary exit port of the 
FTIR, and the exciting illumination from the Glowbar (1000 K blackbody) source was 
focused on the sample using either a CaF2 lens or 15× Schwarzschild objective. The 
photocurrent from the b-P/b-PAs devices was then sent to a current amplifier (Stanford 
Research Systems), which also provided the bias voltage, and the signal was subsequently 
returned to the external detector interface of the FTIR. All measurements taken with the 
FTIR were performed with the current amplifier operating with a gain setting such that the 
bandwidth was greater than 100 kHz. Bias voltage and gain were selected to maximize 
signal to noise ratio for the particular device under measurement, with the aforementioned 
condition. During measurements, the gate bias of the device was pulsed synchronously 
with the FTIR, in order to mitigate hysteresis in the device. The relative intensity of the 
illumination source was measured using the internal Deuterated Triglycine Sulfate (DTGS) 
detector of the FTIR with identical measurement conditions. Polarization measurements 
were performed by placing a BaF2 wire grid polarizer in the beam path, the polarization 
response of the system was calibrated using a commercial Ge and HgCdTe detector in place 
of the sample. The frequency response of the devices was measured using a directly 
modulated 980 nm laser. To measure the specific defectivity of the devices we utilized 
optically chopped flood illumination from a 673 K blackbody source with no focusing 
optics. The net power incident on the device above the band-edge was calculated by the 
integration of the spectral radiant exitance of the blackbody and sample (Mtotal) according 
to Plank’s Law:  

𝑀total(𝜆, 𝑇) = 𝜖̅∫
2𝜋𝑐

𝜆4(𝑒ℎ𝑐/𝜆𝑘𝑇 − 1)

𝜆𝑐𝑜

0

𝑑𝜆 

where, 𝜖 ̅ is average the emissivity, T is temperature, λ is wavelength, λco is the cut-off 
wavelength of the detector under test, h is Plank’s constant, k is Boltzmann’s constant, and 
c is the speed of light. The projected solid angle viewed by the detector (Ω) is calculated 
as: 

Ω = 𝜋
𝑟2

𝐷2 + 𝑟2
 

where r is the radius of the defining aperture and D is the distance between the aperture 
and sample surface. The total incident power on the detector can then be calculated 
according to: 

(4-4-1) 

(4-4-2) 

(4-4-3) 
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𝐸 =
Ω

𝜋
× (𝑀total,BB −𝑀total,Det) × 𝑀. 𝐹.× 𝐴 

where Mtotal,BB is the integrated photon exitance of the blackbody, Mtotal,Det is the integrated 
photon exitance of the detector, M.F. is the chopper modulation factor, and A is the device 
area. The photocurrent and noise current in the device was then measured using a lock-in 
amplifier. For all measurements, an integration time of 1s was used and the blackbody was 
chopped at a frequency of 150 Hz. 
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Fig. 4-4-1. (a) Schematic of measurement setup used to measure the spectral content of the 
incident light on the b-P detector, measurements taken using the internal pyroelectric 
detector of the FTIR were performed at an optical velocity of 0.15 cm/s. (b) Schematic of 
measurement setup used to measure the spectral response of the b-P and b-PAs gated 
photoconductors. Light from the FTIR Glowbar was focused on the device using either a 
CaF2 lens or a Schwarzschild objective. During measurements, the gate voltage was 
modulated from Vg during the interferometer scan to -Vg during the wait period, in order to 
minimize hysterics effects (timing shown in Fig. 4-4-2). (c) Relative response per photon 
of a b-P gated photoconductor, calculated using the ratio of response from the b-P detector 
to the pyroelectric reference detector. (d) Relative response per photon of a b-P gated 
photoconductor, calculated using the ratio of response from the b-P detector to the 
pyroelectric reference detector and photon energy. 
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Fig. 4-4-2. (a) Timing of gate biasing during FTIR measurements. During the measurement 
window, which is identified by an external trigger from the FTIR, the gate is held at the 
desired bias potential, Vg. During the rest period, the gate bias is held at -Vg, in order to 
minimize hysteresis effects. (b) Photograph of the optical setup used to measure the 
spectral and frequency response of the b-P and b-PAs gated photoconductors. Sample is 
placed in a 24-pin chip carrier in the cryostat. An external microscope is setup to locate 
and focus light on the sample with a reflective objective or CaF2 lens.  
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Fig. 4-4-3. (a) Schematic of the setup used to measure the absolute responsivity and 
detectivity of the b-P detector. The sample was illuminated by a blackbody source held at 
400°C-250°C (673 K-523 K). The beam was modulated using a chopper and the response 
of the gated photoconductor was measured using a lock-in amplifier. (b) Spectrum of the 
illumination on the sample at various blackbody temperatures calculated using Plank’s law. 
The cut-off wavelengths for b-P and b-PAs (91% As) are indicated by dashed lines. 
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Chapter 5 

Conclusion and Future Prospects 

 

This body of work has presented an overview of some of the potential advantages for the 
implementation of two-dimensional materials in optoelectronic devices. Photoluminescence (PL) 
quantum yield (QY) is a crucial requirement for many optoelectronic devices, and the 
demonstration that 2D semiconductors can obtain PL QY’s approaching 100% is a key factor 
which opens the potential of these materials to be used in practical devices. However, the 
realization of new semiconductor materials and technologies require substantial advantages in 
device performance coupled with a viable route towards scalability. While the field of 2D 
semiconductors remains relatively new and questions of scalability has not been fully addressed 
their potential performance advantages suggest that they should be investigate further. 

 In chapter two, a detailed analysis of the PL QY of several monolayer 2D materials, both 
prepared by micro-mechanical exfoliation from bulk sources and by chemical vapor deposition 
was analyzed. Despite having naturally terminated surfaces with no covalent dangling bonds, as-
exfoliated 2D semiconductors have poor PL QY, which is likely explained by the presence of a 
significant number of sulfur vacancies. We demonstrated that using chemical treatments, the PL 
QY of some of these materials, specifically MoS2 and WS2, can be increased to values approaching 
unity. While this is a crucial metric and can potentially enable the use of these materials in light 
emitting devices, numerous questions have yet to be addressed. This solution-based mechanism 
that was developed and utilized here is not an ideal process for integration in practical devices, as 
it introduces numerous process challenges for realizing light emitting devices. Furthermore, the 
underlying mechanism that enabled enhancement of PL QY in these materials was not successfully 
identified in this work, and the models developed to describe the recombination kinetics do not 
fully describe the behavior of the system. This is a crucial area for further research, which can also 
likely lead to improved methods to achieve bright materials. 

 In chapter three, two device structures were developed and presented to obtain electrically 
pumped light emission from 2D semiconductors. In the first part of this chapter, we developed a 
single metal-semiconductor contact electroluminescent device which is pumped using a transient 
injection mechanism. This permits us to largely avoid forming ohmic hole/electron contacts to the 
semiconductor which is exceptionally challenging for materials such as MoS2 and WS2. Although 
we are able to show that the quantum efficiency of these devices closely matches the material 
quantum yield it was found that biexcitonic recombination acts as a major barrier towards bright 
emission. Developing techniques to mitigate this issue, such as through engineering the dielectric 
environment of the 2D semiconductor can potentially overcome this limiting factor. In the second 
section, light emitting diodes based on few-layer to bulk black phosphorous were demonstrated. 
These devices show high quantum efficiencies (internal quantum efficiencies as high as 11%) these 
can still be potentially improved through defect passivation schemes similar to those developed in 
chapter two. Furthermore, while contact resistance does not impact the quantum efficiency in these 
devices, it does have a substantial detriment towards their wall plug efficiency especially at high 
injection levels and this can only be mitigated through the development of improved contacts as 
well as the development of doping schemes. 
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 In chapter four, we investigated the potential of 2D semiconductors for their use as 
photodetectors. In particular, we focused on applications in the infrared spectrum, where devices 
are severely limited by generation-recombination noise. We demonstrated that through the 
reduction of detector volume, we can obtain a substantial improvement in the overall detectivity. 
Furthermore, this work provided a through analysis of some of the basic material properties of 
small bandgap 2D semiconductors. Looking forward, a key development which can improve the 
performance of these devices is their integration with optical structures (i.e. optical antennas) 
which can increase the light absorption in small volume detectors.  

 In summary, 2D materials possess numerous attractive properties for their implementation 
in future optoelectronic applications. The work outlined in this thesis has presented routes to obtain 
2D semiconductors with the potential to have exceptionally high quantum efficiencies, opening 
numerous research opportunities to exploit this exciting material system. Additionally, several 
device schemes were demonstrated that can be leveraged and further improved upon in the future. 


