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Abstract:

The development of infrared (IR) photodetector is mainly limited by the choice of available
materials and the intricate crystal growth process. Moreoever, thermally activated carriers in tra-
ditional III-V and II-VI semiconductors enforces low operating temperatures in the IR photode-
tectors. Here, we demonstrate IR photodetection enabled by interlayer excitons (ILEs) generated
between tungsten and hafnium disulfide, WS2/HfS». The photodetector operates at room tempera-
ture and shows even higher performance at higher temperatures owing to large exciton binding
energy and phonon assisted optical transition. The unique band alignment in WS2/HfS> hetero-
structure allows interlayer bandgap tuning from mid- to long-wave infrared. We postulate that the
sizeable charge delocalisation and ILE accumulation at the interface result in greatly enhanced
oscillator strength of ILEs and high responsivity of the photodetector. The sensitivity of ILEs to
the thickness of two-dimensional materials and the external field provides an excellent platform

for realising robust tunable room temperature IR photodetectors.



Mid- and long-wavelength infrared (MW-LWIR) photodetectors have been found useful for many
important applications, such as in medical, security, surveillance and material evaluation. A pho-
todetector consists of light-sensitive material that can absorb electromagnetic radiation, which sub-
sequently converts the photons into measurable current. In the MW-LWIR regime (3-15 um), cor-
responding to photon energy around 83-413 meV, there are only a handful of narrow bandgap
semiconductors that are suitable for this purpose. The widely available IR photodetectors are made
of III-V and II-VI compound semiconductors, such as HgxCdxTe, In;-xGaxAs, and InSb'. How-
ever, delicate and expensive processes are required to grow these compounds and the lattice match-

ing between materials and substrate further limits their availability.

The performance of IR photodetectors is largely determined by charge-generation efficiency from
absorbing impinging photons on the active region, the lifetime and mobility of the charge carriers,
as well as the dark current from thermally activated carriers. Small binding energy (E; < 25 meV)*?
of electron-hole pairs (excitons) in conventional narrow bandgap IR photodetectors means thermal
energy at room temperature (25 meV) is sufficient to overcome it, thus excitons spontaneously
dissociate into free-carriers once formed. Similarly, the thermal-carrier generation and lattice pho-
non is evident at room temperature. Therefore, the IR-generated carriers can easily decay to ground
state in the absence of cooling!*°. These processes shorten the carrier lifetime and prevent charge
extraction that eventually lowers the efficiency of photodetectors, especially at higher tempera-

tures. The necessity to operate at substantially reduced temperatures to suppress these processes

complicates the detector architecture and limits their sensitivity at room temperature.

For the past few years, 2D materials and their heterostructures have emerged as a promising plat-
form for electronic and optoelectronic applications, with a particular interest in transition metal
dichalcogenides (TMDs) semiconductors®!?. The out-of-plane van der Waals (vdW) bond in 2D
materials is advantageous as it allows the 2D materials to be fabricated on any substrate without a
lattice-matching constraint. Subsequently, the absence of dangling bonds on the surface would
eliminate dark current from surface-recombination, which is ideal for photodetectors. 2D semi-
conductors have strongly bound excitons due to strong quantum confinement and reduced dielec-
tric screening'""!2. The recombination of electron and hole, i.e. the decay of exciton, is limited by
resonance stabilisation due to the overlap of electron and hole wavefunctions, resulting in an ex-
tended lifetime for the exciton™!3. The indirect bandgap character of many 2D semiconductors

benefits from phonon at higher temperature, which aids in momentum conservation upon photo-



absorption. Therefore, the thermal effect could potentially have positive effect for IR photodetec-
tors based on 2D semiconductors. Furthermore, 2D semiconductors have been shown to integrate
easily with metals'# or graphene', which makes them suitable for optoelectronic applications as

facile carrier extraction or injection sites.

Graphene has attracted numerous interests in MW-LWIR detection due to its broadband absorption
and high carrier mobility. However, the low-absorption coefficient, high dark current, and short-
carrier lifetime hamper the performance'®. An intrinsically narrow-bandgap black phosphorus (b-
P)!"18 shows thickness and electrostatic-gating bandgap dependent adjustable from 0.2 to 2.0 eV
(0.62-6.2 pum). The bandgap can be further extended down to 0.15 eV (8.3 um) by alloying with
arsenic (b-AsP)!?2?°. However, this material is not thermodynamically stable. Alternatively, a hand-
ful of narrow-gap TMDs semiconductors with E; < 1 eV have also emerged recently as promising
candidates for IR detectors, such as (Zr, Ni, Pd, Pt, Bi)Se»/Te>?!. Nonetheless, the difficulty in
fabrication and controlling the band-gap impose greater challenges on their practical applica-

tions?224,

When two dissimilar TMDs semiconductors are stacked together to form a type-II heterostructure,
a space-indirect interlayer exciton (ILE) will form through charge hopping between materials.
These ILEs have large E;*>?%%7, which is comparable to the intralayer excitons generated within
parent materials'''?. The photo-active range of ILEs is determined by the band-energy alignment
of the constituent material, which offers the potential to utilise ILE for tunable IR photodetector.
Nevertheless, the space-indirect character of ILE renders it with a weak optical absorption>-26-28,
Here, we explore the unique properties of ILEs in 2D TMD HETEROSTRUCTURE formed be-
tween WS and HfS» and demonstrate a highly-responsive room temperature operated MW-LWIR
photodetector with tunable detection range. Based on the study of the thickness dependence, re-
sponse to electric field and excitation density, and ab initio calculations, we postulate that the
observed ILE have the same order of oscillator strength as intralayer excitons. Enhanced spatial
orbital overlap and phonon-assisted momentum conservation favour the optical transition of ILE.
The findings here provide insights for tailoring ILEs for optoelectronic applications that offer a
promising way to make a compact and efficient room-temperature photodetector that can be ex-

tended down to far-IR.



Formation and Characteristic of Interlayer Exciton. The conduction band minimum
(CBM) and valence band maximum (VBM), relative to vacuum?*, of monolayer WS, and HfS; are
illustrated in Fig. 1a. HfS, (d° semiconductor) is chosen for this study because it has a deep CBM
and high electron mobility, which is favourable for ILEs electrons to reside when paired with d?
semiconductors (i.e. WS,)?. HfS; of different thicknesses are laid on top of monolayer WS, to
maintain direct band-gap for optical excitation. For subsequent discussion, the thinner and thicker

HfS> refer to ~3 and 30 layers (bulk), respectively, unless otherwise specified.

The optical responses of individual TMDs and the heterostructures are plotted in Fig. 1b. The
reported absorbance has been calculated from the differential reflectance contrast of the flakes and
normalised to the thickness (detail in Supplementary Info.). The A exciton peak, which is associ-
ated with the band-edge transitions in monolayer WS>, centers around 2.04 eV. This value is close
to the previously reported value®®. On the other hand, HfS; is an indirect-bandgap material, the
band gap is inferred from extrapolation to the abscissa. We notice the main excitonic peaks at
heterostructures are slightly broadened and red-shifted (1.94 eV) compared to the parent materials.
The observed broadening, Al', is associated with shortening lifetime of the photo-generated exci-

tons as v = /A (where A = is the Planck constant) due to charge hopping at the interface.

Interestingly, the heterostructure has an additional strong absorption peak in the lower energy re-
gion as shown in Fig. 1b, which is not present in the constituent materials. The heterostructure
peaks are centred at 0.24 eV for WS2-3L HfS: and 0.21 eV for WS»-bulk HfS>. The absorption
becomes stronger and red-shifts with increasing layers of HfS> (Extended Data Fig. E1). These
low-energy absorptions show no obvious sample angular-dependence (Extended Data Fig. E2).
Furthermore, the peak energy is responsive to an external electric field (Fig. 1c). The gate depend-
ence suggests these peaks are associated with ILEs, with dipole moment pointing from HfS> to
WS substantiating the charge transfer at the interface. Strong intralayer exciton quenching of WS,
(Supplementary Info Fig. S4) also suggests electron transfer to HfS;%>33. We can rule out the pos-

sibility of energy transfer as photoluminescence (PL) of HfS> decreases compared to bare HfSo.

Exciton Accumulation and Band Structure at Interface. The ILEs PL (Aexc = 532 nm)
is prominent even at room temperature, demonstrating robust radiative recombination. The PL
spectral shape changes with thickness of HfS,, with thinner HfS, consisting of broader emission

peak that is made of two Gaussian peaks (Fig. 1d). The energy difference between the two peaks



(ArLg) decreases with increasing number of HfS; layers and finally merges into one broad peak in
bulk HfS; (Fig. 1d and Extended Fig. E3). Increasing excitation density results in blue-shifts of
overall PL peak (Fig. 1d). The more significant blueshift in WS»-bulk HfS> indicates a stronger

excitonic dipole-dipole repulsion®*.

We also found the PL intensity in WS>-bulk HfS» saturates at lower fluence than the thinner coun-
terpart (8x10* for bulk vs. 5x10° W/um? for 3L, Extended Fig. E4), which confirms more promi-
nent exciton-exciton annihilation in thicker samples. The higher density of ILEs in the WS2-bulk
HfS> interface is responsible for the stronger excitonic repulsion and annihilation observed. We
fitted the integrated PL intensity with exponential function I~CP*, with C= constant and P= exci-
tation power, and we obtained 0~0.8-0.9 (Extended Fig. E4). Although the dependence is sublin-
ear, o is higher than in typical p-n junctions (~0.5)!*343¢ where ILEs favorably separates into
charge carriers. The fact that we encounter an unusually higher sublinear power dependence sug-

gests ILEs likely remain as excitons.

Accumulation of ILEs at the interface is also supported by a simple estimation of ILE density via
plate capacitor formula®’. The maximum ILE density based on the blueshift yields a lower bound-
ary value of ne=4.7x 10" cm?and 1.3 x 10'? cm™ for WS; with 3L and bulk HfS,, respectively
(detail in Supplementary Info.). These values are comparable to intralayer WS> exciton density
generated from the same excitation density, which is in the order of 10''-10'? cm™. We postulate
the observed high exciton density at the interface is due to band bending, which favors electrons

and holes accumulation in HfS> and WS, respectively.

To verify the interfacial band-bending, we studied the photoresponse of the heterostructure under
the illumination of 532 nm laser. The schematic diagram of the device used in this study is given
in Fig. 2a. The I-V curves under different excitation power are shown in Fig. 2b. Since the metal-
TMD junction forms an ohmic contact near-zero voltage (Supplementary Info Fig. S8), the sign of
the photovoltage and photocurrent correlates with the band structure at the interface. The photo-
current shifts the /-V curve into the second quadrant, which suggests that carriers accumulate near

the junction, instead of being depleted as in typical p-n diode.

Band bending at heterostructure of 2D materials is possible and has been verified experimentally®®
40 The band bending at the heterostructure junction is dependent on the relative Fermi energy level

and carrier concentration at the junctions. If we assume similar Fermi energy level for 3L- and



bulk HfS,, the magnitude of band bending in both cases is expected to be similar, yet with narrower
depletion width in 3L-HfS> as space is more constraint than in bulk-HfS> (Fig. 2c¢). We performed
a theoretical calculation to estimate the band bending diagram through a self-consistent calculation
for charge density and potential in real space, the results are plotted in Fig. 2d (for 3L-, 5L-, and
7L-HfS2/WS>). The change in band bending when external bias is applied is shown in Extended
Data Fig. ES5. The reduction of bandgap in bulk HfS> is mainly reflected as the upward shift of
VBM of HfS; as the CBM hardly changes with thickness (Supplementary Info. Fig.S17). In this
model, we assume the band bending in monolayer WS; is small or non-existent as it is physically

not practical. The model clearly shows increasing depletion width with the number of HfS; layers.

The aforementioned junction at heterostructure interface act as a trap for ILEs, as illustrated in Fig.
2¢, resulting in their accumulation at the interface. These trapped ILEs work as antennas borrowing
their oscillator strength, £, from the surrounding*'*>. From a classical viewpoint, when an electron
is bound to the nuclear framework and has oscillating dipole, the oscillator strength f is directly
proportional to the integral over the absorption band. The ILE absorption on this study has the
same magnitude as those of intralayer A-exciton (Fig. 1b), thus direct ILE generation via photo-
excitation is highly favourable. Accumulation of ILEs also could have enhanced electron-hole
overlap at the interface, which overcomes the spatially indirect nature of the transition and con-

1.43

tribute to the large f as proposed by Lau et al.””. To our knowledge, this is the first experimentally

observed large interband oscillator strength of ILE in 2D materials?’#+43

, which is generally two
orders of magnitude smaller than intralayer exciton f due to the spatially separated wave-function.
To better understand the nature of optical transition in ILE, we conducted ab-initio calculation of

the band structure at the heterostructure interface.

Calculated Band Structure at Heterointerface. In type-II heterostructures formed be-
tween WS2 and HfS»2, the VBM of WS; shifts from K point to I" point. The states in K point are
mainly built by d orbitals of W atom and are hardly affected by HfS> due to a large separation
between layers. On the other hand, the S-p, state, which contributes to the occupied states in I'
point, can directly interact with neighboring layers and shifts the VBM to I" point. However, the
maximum energy difference at K and I" point in WS> is very small (Fig. 3a), thus when the spin-
orbit coupling is introduced, it raises the energy at K point and moves VBM back to K point (detail
in Supplementary Info.) In contrast, the CBM of HfS: is unaffected by the hybridisation and re-

mains at M point.



From ab initio calculation, we found the hole states at I" point extend over both WS, and HfS,
layers (Fig. 3b). Hence, the interlayer coupling strength is significant at I" point due to interlayer
hybridisation, and dependent on the thickness of HfS,. It is worth noting that HfS orbital contri-
bution to VBM increases with the number of layers (color contrast in Fig. 3a), which means the
optical transition from I" to M point becomes less interlayer (more intralayer) in character and the
matrix elements for this transition are more favourable. In contrast, the wavefunction overlap at K
point is negligible. Therefore, we conclude the observed ILE absorption originates from I'-M in-
stead of K-M transition despite VBM could be located at K point after hybridization (Fig. 3c). It
is worth mentioning that the observed ILEs share certain similarities with interface excitons in

lateral heterostructure, partly due to the charge delocalisation and wavefunction overlap.

The large energy difference of CBM and VBM in WS, and HfS> in our hetero-system results in
non-degenerate and non-interacting ILE and intralayer exciton, which explains the small or negli-
gible angular-dependence on the ILE oscillator strength and energy. This outcome is in agreement
with previous works by Falko er al.***"_ In their study, they observed a prominent angular-depend-
ence (®) of the ILEs close to 0° and 60° rotation angle due to the strong hybridisation of ILE with

intralayer exciton via interlayer conduction-band tunneling.

We further investigated the decrease in the optical band gap of ILE with increasing thickness of
HfS: by calculating the quasiparticle band gap at the GW level and the ILE binding energy from
first-principle calculations for the heterostructure (see Computational Details in Supplementary.
Info). The optical band gap can be determined as Egh, = E¢5, — E}, i, where EJh, is the qua-
siparticle bandgap and E}, g is the ILE binding energy (Fig. 3d). As the consequence of higher

dielectric screening with increasing HfS layers, we find that both E gﬂp and E}, ;p decrease, which

results in overall small red-shift of Ep;, (Fig. 3¢). Hence, the change in E{yy, is a result of a com-

plex interplay of both factors, which can be manipulated to tune the ILE energy.

Highly Sensitive and Responsive Infrared Photodetector. The enhanced optical proper-
ties of ILE at WS»-HfS» heterostructures renders its suitability for IR photodetection. The device
structure is shown in Fig. 2a. The device was operated in photo-conductive mode, with the voltage
applied between drain and source (Vys) to dissociate ILE and extract free carriers. The photocurrent
is defined as Iy = |Lasittum| — |lis, dark|, Where Las,iium and las,dark are current under illumination and

dark current, respectively. Figure 4a shows the I-V curve of WS2-3L HfS> when photo-excited



with IR laser (Aexc = 4.7 pum). When a negative voltage is applied to drain relative to the source,
I, increases since charge extraction is favourable under this condition, we called it positive feed-
back (Fig. 4b, left). Whereas positive Vs confines ILE at the interface, resulting in more recombi-
nation (relative to zero Vy) and lower extractable carriers (negative feedback, Fig.4b right).
Thicker HfS: has larger lus, dark, stemming mainly from stronger confinement and recombination of
electrons and holes at the interface. We also find the change in interlayer bandgap energy does not
noticeably affect the dark current (Extended Fig. E6). From the current generated, we calculate the
responsivity which is defined as (R = I,n/Paevice), Where Paevice 1s the effective laser power on the
sample area, and Puevice = PinAdevice/Alaser, Pin 18 the incident laser power, Agevice 1s the effective
sample area, and Ajur is the laser spot area. Peak responsivity of 8.2x10> AW™! and 9.5x10> AW"
lis observed on WS>-3L HfS> upon laser illumination of A= 4.7 um and 4.3 pm, respectively at V,
= +40 V (Fig. 4c). With increasing exciton concentration (as Pgevice increases), the I, and R de-
crease primarily due to higher exciton scattering and recombination. We notice the thickness of
HfS> and bias V, determine the value of R, which is expected as both variables determine the ILE

absorption edge.

We analysed the fundamental operating speed of the WS>-HfS» heterostructures photodetector by
calculating the average lifetime of the photocarriers in the channel. Using the transit time (Zansic)
calculated from the charge carrier mobility (detail in Supplementary Info.), we can estimate the
carrier lifetime (ziifeiime) from the photoconductive gain G by using Tiifetime = G X Tyransic*. Figure 4d
shows the calculated carrier lifetime of the ILEs under different V, and excitation power along
with the respective fitted values by using the Hornbeck-Haynes model (detail in Supplementary
Info.). The calculated response time is ~ 1 ns at Vo= 0 V with Vg =-1.5 V and Paevice ~ 400 nW.
We can also extrapolate the carrier lifetime of the photodetector to an excitation power that is not
achievable in our setup. Based on the model, the fundamental response time of ~ 1 ps is possible
at Paevice = 1 mW at Vg, = -1.5 V. The fast intrinsic response time is anticipated as HfS> and WS,
have high mobility for electrons and holes transport, respectively*>>’. Nonetheless, the operating
speed of our device is in the millisecond range (Extended Data Fig. E7, E8). It is not the fastest IR

photodetectors reported, but we believe there is room for improvement.



Discussion and Future Directions. Figure 5a compares the responsivity of the hetero-
structures in our study to other 2D-based photodetectors (hybrid 2D-systems are excluded), re-
gardless of their bias voltage and excitation power. The high responsivity of the Mo/W 2D photo-
detector in visible and near IR range results from the direct-band gap nature of the band-edge
excitation. The enhanced absorption of ILE in this study has boosted the responsivity by two
orders of magnitudes in the MW/LWIR range, making it comparable to those of Mo/W based
photodiode in visible and near IR range (Fig. 5a). Furthermore, the intrinsic dipole of ILE, which
is responsive to the externally applied field, can be exploited to dynamically tune the detection

range and sensitivity (Fig. 5b).

The calculated detectivity D* of our WS2-HfS> heterostructure photodiode is higher than
other commercially available IR photodetectors, especially for room and elevated temperature op-
eration (Fig. 5c). The spectral broadening and increase in phonon-assisted-transition at high tem-
peratures enhance the detection range and detectivity, respectively. We also demonstrated that
absorption is tunable and extendable up to 20 um (0.06 eV) by electrostatic doping, as shown in
Extended Data Fig.E9. Theoretically, the absorption bandwidth can be further extended to far-IR
(FIR) range, either by applying higher V, or choosing a suitable combination of materials with the
right band alignment. The versatility of ILE in 2D heterostructures is not limited to two materials
(AB stacking). Further stacking with similar or dissimilar material on top of the second material
would create either ABA or ABC structures (Extended Data Fig. E10). ABA stacking potentially
produces a ‘quantum well’ structure that increases the efficiency further from AB stacking.
Whereas ABC stacking allows simultaneous formation of two different ILEs, which could be tai-

lored for either dual photo-detection or -emission system.

Conclusions. In summary, a tunable, highly-responsive and room-temperature MW-LWIR
photodetector based on WS2-HfS: heterostructure has been demonstrated. The absorption band can
be tuned and extended to 20um under a modest electric field, far beyond the cutoff wavelength of
b-P/b-AsP. Strongly enhanced ILE absorption due to the unique band alignment and orbital hy-
bridisation has contributed to the strong photoresponse. Our study provides a glimpse of the phys-
ics of ILEs in the unique heterostructures and offers a promising technology for IR photodetection,

and potentially photo-emitter.
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Figure 1. Optical characteristics of interlayer excitons (ILEs) in WS2-HfS: heterostructures.
(a) Energy band diagram illustrating valence band maximum (VBM) and conduction band mini-
mum (CBM) of monolayer WS> and HfS». (b) Absorption spectra of parent material (WS2 and
HfS>) in the visible range, and the stacked heterostructures in IR and visible range normalised to
the thickness. (c) The effect of externally applied voltage (V) ranging from -40V to +40V on the
absorption spectra of monolayer WS with 3 layers (3L) of HfS; and ~30 layers (bulk) HfS>. (d)
The evolution of ILE PL spectra observed in monolayer WS> with 3 layers (3L) and ~30 layers
(bulk) of HfS> as a function of laser power. ILE PL spectra blue-shift with increasing power (ex-
citation density). The shifts are more prominent in bulk HfS; than 3L-HfS>. The ILE energy in
WSs-bulk HfS: is lower than WS»-3L. The PL spectra are bi-Gaussian for 3L-HfS; and mono-
Gaussian for bulk HfS».
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Figure 2. Electrical characterisation of WS2-HfS: interlayer excitons (ILEs) (a) Schematic
diagram of the device structure used in this study that consists of exfoliated WS flake with a
different number of layers of HfS2 on a doped silicon substrate, gate voltage (V) is applied to
control the band alignment and interlayer bandgap. Similarly, drain voltage (Vgs) is used for charge
extraction when the device is used as photodetectors. (b) I-V curve of heterostructure in WS>-3L.
and bulk HfS; at different excitation power, the curve shifts to the second quadrant with increasing
power indicating charge carrier accumulation at the interface. (c) Schematic diagram illustrating
the band bending at the interface. Detail of band bending can be found in the main text. We as-
sumed only the VBM of HfS: shifts relative to the VBM of WS> as the number of layers increases,
since the calculation shows the shift in CBM is relatively small. All of the measurements were
conducted at room temperature and photo-excitation was achieved by laser with photon energy
centered at 2.33 eV. (d) Band profiles of 3L-, SL- and 7L-HfS»/1L-WS> heterojunction without
external bias. The energy reference is set to be the vacuum level (Evac = 0 eV). The highlighted
grey-area is the space between the WS> and HfS». The Fermi level Ek is plotted in black dash line.
The black dots denote the location of atoms in out-of-plane direction. WS> is slightly n-doped,
with the Fermi energy level 0.15 eV above the intrinsic Fermi level (Egp = 1.82 €V).
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‘Figure 3. The nature of indirect ILE with large amplitude optical transition. (a) Band struc-
ture of WS»/NLHfS» heterostructures for N= 3 and 5 layers of HfS: respectively. The color scale
denotes the relative contribution of each material to the band states (VBM and CBM) of ILE. (b)
The hole and electron states of ILE for I'-M and K-M transition. While the electron state is local-
ised only in the HfS> layer, the hybrid I" hole state is delocalised over both layers, and the degree
of delocalisation increases with the number of HfS; layers. Whereas, hole and electron states of
K-M transition are localised in the individual layers. (¢) The schematic illustration showing the
momentum indirect I'-M transition of the ILE, and the angle stacking mismatch (®) between the
two 2D materials. (d) Energy diagram showing the correlation between ILE binding energy to the
electronic quasi-particle bandgap and optical bandgap, derived from the WS> and HfS> valence
and conduction bands. The large difference in the ILE and intralayer energy prohibits hybridisation
and thus explains the angular-independence between the two materials (detail in the text). (e) Ab-
initio calculated interface exciton binding energy (E») as a function of number of HfS; layers (blue
squares) on the right axis. Black dots and red dots are the theoretical vs. experimental red-shift of
the ILE optical band gap (E,”") plotted as a function of number of HfS» layers. Dashed lines are
fitted exponential functions. The mean and the standard deviation of the experimental values are
the results of averaging from multiple measurements.
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Figure 4. IR Photodetectors based on interface exciton. (a) IV curve of heterostructure in one
of the devices made of WS, and 3L-HfS; under different laser excitation power (A= 4.7 um). (b)
Schematic diagram illustrating band alignment of WS, and HfS, under positive and negative
source-drain bias (Vgs) and the charge extraction process. Under positive Vgs, the charge carrier
needs to overcome higher energy barrier to move to the electrode. The shade of the ellipses at the
interface indicates the strength of recombination. (c¢) The calculated responsivity (R) of WS>-3L.
HfS; and WS»-bulk HfS; (one of the devices) under two different excitation wavelengths (A= 4.3
pm and 4.7 um) and different gating voltage and Vgs=-1.5V. R is defined as I,»/Pdcvice. Pdevice 18
defined as the incident power on the active device, Paevice = Pin x (L x W/ laser spot size), where Pi,
is laser output power, L x W are the length and width of the photoactive area rounded to the nearest
number. (d) The calculated lifetime of the charge carriers in the device which corresponds directly
to the device response time or frequency (Hz), one of the parameters defining the performance of
a photodetector. Dashed lines and solid lines are fitting to the data from WS»>-3L HfS2 and WS»-
bulk HfS:> devices, respectively. Only the data from device-1 of WS»-3L HfS> and WS»-bulk HfS»
are plotted. The data for the remaining devices and detail of calculations can be found in the Sup-
plementary Information.
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Figure 5. Responsivity and detectivity of IR photodetectors. (a) Comparison of peak respon-
sivity of WS2>-HfS> (V, =0V, Vy = -1.5V and Paevice = 0.5 nW) to other recently reported top-
performing 2D-based photodetectors in visible and IR range. References to the selected studies
can be found in the Supplementary Information. The fixed large bandgap of most 2D materials
limits their application to visible/NIR region. Whereas, the large dark current and small absorption
limiting graphene application. (b) The responsivity of WS2-HfS> (Vs =-1.5V and Paevice = 0.5 nW)
at Vg =0 and -40 V. By tuning the interlayer band alignment and the bandgap, responsivity of the
device changes following the shift of ILE absorption peak. The standard deviation is calculated
from multiple devices of particular heterostructures. (c) Specific detectivity as a function of wave-
length for WS»>-HfS, (measured) and the commercially available photodetectors at room tempera-
ture, unless otherwise specified. At higher temperatures, the exciton spectral broadening increases
the spectral detectivity range, whereas the increase in photon-absorption via phonon-assisted tran-
sition increases the detectivity.
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Methods

Sample fabrication. Multilayer samples were fabricated by means of a mechanical exfoliation
transfer process. For this, we initially exfoliated WS> and HfS: flakes from bulk crystals (bought
from 2Dsemiconductors.com) onto polydimethylsiloxane substrates. Monolayer regions of these
flakes were identified via optical microscopy, atomic force microscopy and Raman spectroscopy.
Then, we first transferred the WS flake onto the target substrate, a silicon wafer covered with a
SiO2 layer and pre-defined metal markers. Subsequently, the HfS, flake was transferred on top of

the WS,. After the transfer, the samples were annealed under Ar gas at 150°C for a few hours.

Optical spectroscopy. The absorption spectra were obtained by reflectance measurements of the
samples at room temperature. The reflectance measurements were performed using broadband
emission from a tungsten halogen lamp. The spot size on sample was about 2-3 ym. The reflected
light was collected by the same objective and deflected by a beam splitter to a spectrometer
equipped with a CCD camera cooled to liquid-nitrogen temperature. For A >1700 nm, we utilised
FTIR set-up (Bruker FTIR spectroscopy, Vertex 80v) with HgCdTe detector and Hyperion 2000
microscope to measure the sample reflectance. Commercial Au mirror is used as reference. The
reflectance spectra of the samples were determined by normalising them to the reflection spectra
of the substrate, which is highly transparent in the wavelength range of interest. Quartz and silicon
substrate was used for measurement in visible to near-IR, and mid- to far-IR, respectively. Here,
AR/R = (Rr - Rs)/Rs, where Rrdenotes the reflectance from the sample on substrate, and R; is the

reflectance of the substrate. For thin film, the differential reflectance spectra AR/R is related to the

absorption coefficient of the material a(1) as>'°%
AR 4
=GO (1)

Where 7 is the refractive index of the flakes under investigation and no is the refractive index of
the substrate. For the heterointerface, the average value of n is used to calculate the absorption
coefficient. The values reported in this study are the absorption coefficient of the material normal-

ised to their thickness for impartial comparison.

The PL of the heterostructures in the IR range was measured in the same set-up by exciting the
samples with 532 nm laser. Raman and PL (<900nm) measurements were performed in a photon

scanning tunneling microscope set-up (Alpha 300S, WITec Gmbh). A CW laser at 532 nm was
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coupled to a x50 microscope objective and focused on a submicron spot on the sample surface. PL
and scattered light were collected with the same objective, passed through long-pass filters, cou-
pled into a grating spectrometer and detected with a Peltier-cooled CCD. Information was ex-
tracted from the spectra by using a fitting routine undertaken manually, which yields the integrated
intensity, spectral position and full-width at half maximum for each spectral feature extracted using
a Gaussian fit. All of the experiments were performed under low excitation density in order to get

a reasonable signal-to-noise ratio and to minimise the generation of trion.

Device structure and characterisation. The metal contact patterns were written using electron
beam lithography (Elionx ELS7000) and electron beam evaporator (Denton Vacuum Explorer).
The devices were initially coated with polymethyl methacrylate (PMMA) by spin coating at 5000
rpm for 90 s. The post bake was performed at 180°C for 2 min. The design of the electrodes was
done with AutoCAD software. The patterns (designed with AutoCAD) were then written with 100
pA current and registration dose of 960uC/cm? (0.06ps/dot). The written patterns were developed
by using methyl isobutyl ketone (MIBK) and IPA with a developing time of 70 s. The electrode
pads consisted of Ti and Au, where Ti was used to improve the adhesion, with thickness of 5 nm
and 50 nm, and a deposition rate of 0.1A/s and 1A/s, respectively. The samples were then soaked
with acetone for 24 hours for metal contact lift-off. The heterostructures were exfoliated on SiO»,
which provides insulation from the heavily doped silicon backgate. Electrostatic doping is per-
formed by grounding the gold contact and applying a voltage to the backgate (V). Furthermore,
the silicon chip is glued on a ceramic chip carrier using conductive silver paste. The metal contacts
of source and drain as well as the backgate were wire-bonded to the selected pins using metal
wires. In a typical measurement, source and back gate are biased by two independent Keithley
(2450 and 2420) sourcemeters and drain is the common ground. The sourcemeters are controlled
by a computer to measure the current-voltage relation of the device. The responsivity measurement
in the IR range is measured with mid-infrared lasers (Tunable CW/Pulsed External Cavity Quan-
tum Cascade Laser). The lasers are focused by IR lens to a final spot size of approximately 100

microns.

Experimental data analysis. For each 2D layer and heterostructure, the absorption and photolu-
minescence were measured at room temperature, unless specified. To take into account the spatial
inhomogeneity of the ILE absorption/emission, spatial averaging was employed. For this, the av-

erage absorption/emission energy of the ILE, and its standard deviation, were calculated from the
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values extracted from a normal curve fitting routine procedure applied to the spectra collected from
the heterostructure regions. On average, 5-10 spectra were evaluated for each individual hetero-
structures. Multiple devices were made by stacking the 2D materials together, without any control
on the alignment.

Computational methods. The first-principle calculations for the band structure as a function of

the number of HfS; layers are performed by using Vienna ab initio simulation package (VASP)™

with generalised gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) functional®*
without spin-orbit corrections included. The ion-electron interaction is treated by the PAW
method>, and the van der Waals interaction is taken into consideration using the DFT-D3
method>®. Electron wave function is expanded on a plane-wave basis set with a cut-off energy of
450eV. A 6 X 6 x 1 I'-centered Monkhorst-Pack grid is adopted for Brillouin-zone integration. A
vacuum slab of more than 15 A is applied along the z-direction (normal to the interface) to avoid
spurious interaction between repeated slabs. To construct the quasiparticle bandgap at the GW
level, a GW calculation is done using GPAW>"8 for the WS, and HfS, monolayers with a plane-
wave cut-off energy of 800 eV for the ground state and 300 eV for the GW calculation on a
18x18x1 k-point grid including spin-orbit corrections. The quasiparticle band gap is then con-
structed by correcting the GW monolayer band structures with the N-dependent screening correc-
tion calculated from the Quantum Electrostatic Heterostructures (QEH) model>® and N-dependent
hybridisation correction from the PBE band structure calculations for each k-point in each band.
This method has previously been shown accurate for calculating band structure of multi-layer van
der Waals heterostructures®. The interlayer exciton binding energies are calculated by solving the
Mott-Wannier equation with the screened electron-hole interaction calculated within the QEH
model. The effective electron and hole masses are calculated from the PBE band structures. Struc-
tural relaxation is carried out using the conjugate-gradient algorithm until the total energy con-
verges to 10™* eV and the Hellmann-Feynman force on each atom is less than 0.01 eV/A, respec-

tively.

The calculation of the band diagram of HfS> -WS> was conducted through the self-consistent cal-
culation for charge density and electric potential in real space. The tight-binding Hamiltonian of
1L-WS2/3L-HfS, was interpolated by the Wannier basis via Wannier90 package®', where the input

was provided from the first-principles results. In the tight-binding Hamiltonian, we considered W-
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d, Hf-d and S-p orbitals for the Wannier bases and the Hamiltonian can reproduce bands around
the highest valance band and the lowest conduction band obtained from the first-principles calcu-
lations. The spatial electric potential was obtained from solving self-consistently the Poisson equa-
tion, where the charge density was obtained from the wavefunction of the Wannier tight-binding
Hamiltonian. In the self-consistent calculation, we applied the real-space finite element method®?
for numerically solving the Poisson equation, and the relative permittivity (€,.) for HfS> and WS,
are 2% and 4.13%, respectively. In order to approximate the experimental bulk-HfS; device, 3L-
HfS> Hamiltonian was further extended to various numbers of layer of HfS, The extension was
achieved by inserting n layers of HfS; Hamiltonian with interlayer coupling extracting from 3L-
HfS; layers. 1L-WS; was lightly n-doped with the doping concentration ~1x10°m™ and the HfS
was intrinsic. The band profiles were plotted according to the band-edge shifting information given

by the calculated electric potential profile

Data availability. The data within this paper are available in public data repository with the fol-

lowing DOI: 10.6084/m9.figshare.12220454%,
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