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In semiconductors, photo-excited charge carriers exist as a gas 
of electrons and holes, bound electron–hole pairs (excitons), 
biexcitons and trions1–4. At sufficiently high densities, the 
non-equilibrium system of electrons (e−) and holes (h+) may 
merge into an electronic liquid droplet5–10. Here, we report on 
the electron–hole liquid in ultrathin MoTe2 photocells revealed 
through multi-parameter dynamic photoresponse microscopy 
(MPDPM). By combining rich visualization with comprehen-
sive analysis of very large data sets acquired through MPDPM, 
we find that ultrafast laser excitation at a graphene–MoTe2–
graphene interface leads to the abrupt formation of ring-like 
spatial patterns in the photocurrent response as a function 
of increasing optical power at T = 297 K. The sudden onset to 
these patterns, together with extreme sublinear power depen-
dence and picosecond-scale photocurrent dynamics, provide 
strong evidence for the formation of a two-dimensional elec-
tron–hole liquid droplet. The electron–hole liquid, which fea-
tures a macroscopic population of correlated electrons and 
holes, may offer a path to room-temperature optoelectronic 
devices that harness collective electronic phenomena.

Ultrathin MoTe2 is an ideal semiconductor for the study of 
collective electron–hole phases, yet no measurements on two-
dimensional (2D) transition metal dichalcogenides (TMDs) have 
shown evidence for the gas-to-liquid phase transition. Very high 
electron–hole densities have been demonstrated in TMDs using 
ultrashort laser pulses, giving rise to giant bandgap renormaliza-
tion11,12 and strong exciton–exciton interactions13,14. By integrat-
ing multi-layer MoTe2 into graphene–MoTe2–graphene van der 
Waals (vdW) heterostructures, such strong many-body effects 
may be accessed in the ultrasensitive near-infrared optoelectronic 
response15–18, which results from the ~1 eV indirect bandgap and 
long exciton lifetimes19–21. As vdW heterostructure photocell 
device complexity increases, however, efficient photoresponse 
techniques must be developed to observe, manipulate and harness 
novel 2D electronic phases.

By incorporating ultrafast optoelectronic measurements22–27 
with efficient data acquisition, automation and analysis, we 
rapidly and densely sample a broad optoelectronic parameter 
space using a technique called multi-parameter dynamic pho-
toresponse microscopy (MPDPM) (details in Supplementary 
Section 1). MPDPM uses a near-infrared ultrafast laser, in which 
ultrashort (150 fs) laser pulses are split into two distinct paths.  
A translation stage controls the path length difference between 
the split pulses. The two identical-power beams are then recom-
bined and the path length difference of the delayed beam results 
in a time delay between pulses ∆ t (Fig. 1a). The recombined 

beam is focused to a diffraction-limited spot that is spatially 
scanned across the 2D optoelectronic devices under high vac-
uum (Supplementary Section  1.1). The laser-induced photocur-
rent generated across a graphene–MoTe2–graphene photocell  
(Fig. 1a) is measured at each point in space, resulting in a map of 
the interlayer photocurrent response (Fig. 1b) (see Methods).

Using dynamic photoresponse microscopy, we acquire a multi-
dimensional data set of interlayer photocurrent I versus two spatial 
dimensions, laser power P, time delay Δ t and interlayer voltage Vi 
(Supplementary Section 1.3). This imaging process is repeated as a 
function of increasing optical power (Supplementary Video 1), while 
incrementing ∆ t and Vi. Figure 1c shows that the interlayer photocur-
rent increases sub-linearly with increasing power at ∆ t =  50 ps under 
high vacuum. Such a photoresponse is consistent with previous pho-
tocurrent measurements of TMD photocells15,16,26,27: photogenerated 
electron–hole pairs are promoted across the indirect bandgap of 
MoTe2 and collected as individual electrons and holes (Fig. 1c inset).

Our data-intensive technique allows us to gain a comprehen-
sive understanding of the ordinary MoTe2 heterostructure pho-
toresponse. The photocurrent power dependence (Fig. 1c) is 
described well by a single power law, I ∝  Pγ, where the power law 
exponent γ =  0.44 parameterizes the nonlinearity of the photore-
sponse. A power law exponent γ ~ 1/2 suggests straightforward 
dynamics with a simple rate equation dN/dt =  − N/τesc − αN2, where 
N is the electron–hole pair density, τesc is the carrier escape time 
and α is the exciton–exciton annihilation rate25 (Supplementary 
Section 4). By including a constant generation rate, the steady 
state (dN/dt =  0) solution to this rate equation results in a pho-
tocurrent I ∝  P1/2, in good agreement with the observed I ∝  P0.44. 
However, since MPDPM uses ultrashort pulses, careful time inte-
gration of the dynamics is required, resulting in an analytic solu-
tion ατ ατ∝ + ∕I Nln(1 )0 esc esc, where N0 is the electron–hole density 
immediately following the laser pulse (Supplementary Section 4.1). 
The analytic solution (red dashed line Fig. 1c) exhibits excellent 
agreement with the photocurrent data (blue data) and the power 
law fit (blue line). We conclude that γ is thus a robust parameteriza-
tion of the nonlinear photoresponse.

The multi-parameter dynamic photoresponse microscope visu-
alizes the nonlinear photoresponse with extraordinary spatio-tem-
poral detail (Fig. 1d–h). From a large set of photocurrent images (as 
in Fig. 1b), the interlayer photocurrent versus optical power is fitted 
to I ∝  Pγ at each point in space. This large data set is condensed into 
an image of the photocurrent nonlinearity γ (x,y), which we then 
measure as a function of ∆ t (Supplementary Video 2). A snapshot 
from the spatio-temporal dynamics at ∆ t =  120 ps (Fig. 1d) shows 
that the nonlinearity γ (x,y) is nearly uniform over the active area 
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of the MoTe2 heterostructure (dashed outline Fig. 1d), exhibit-
ing a narrow range γ =  0.45–0.60. The spatially uniform photore-
sponse with I ∝  P1/2 at long time delay is fully consistent with the 
ordinary photoresponse due to exciton–exciton interactions13,14,25  
(see Supplementary Section 4 for a detailed discussion).

Strikingly, when the time delay between laser pulses is very 
short, MPDPM reveals a highly anomalous photoresponse. At  
∆ t =  0.2 ps (Fig. 1h), the power law behaviour collapses near the 
centre, resulting in a pronounced ring of sublinear photoresponse 
(γ ~ 0.5). Figure 1f,g shows that the sudden collapse near ∆ t =  0.2 ps 
is preceded by a gradual suppression of γ at longer time delays.  

The area of power law suppression significantly exceeds the 
beam spot size, indicating a global change in photoresponse. This 
behaviour is not a permanent change of device response. Instead,  
we observe γ suppression only at short time delay, whereas the 
ordinary photoresponse is recovered as soon as the laser intensity 
is reduced. In the following, we examine the space–time evolution 
of the MoTe2 photoresponse, and extract the detailed dependence  
of the spatial photocurrent features on optical power, interlayer 
voltage and time delay.

We first decompose the MPDPM image measured at ∆ t =  0.2 ps 
(Fig. 1h) and examine the constituent photocurrent maps (Fig. 2). 
At low optical powers, the photocurrent magnitude increases rap-
idly and monotonically (Fig. 2a). For P >  5 mW, however, the pho-
tocurrent at the centre of the device suddenly decreases, forming 
a photocurrent ring of bright photoresponse (see Supplementary 
Video 3). The photocurrent ring grows rapidly with increasing opti-
cal power. To see the ring expansion more clearly, Fig. 2b shows 
the magnitude of the spatial gradient of the photocurrent maps  
|∇ I|, which we use to visualize the local slope of the spatially resolved 
photocurrent landscape. At an optical power P =  5 mW, a clear edge 
begins to emerge and grows into a well-formed ring.

Remarkably, the anomalous photocurrent ring appears abruptly 
with increasing optical power. Using the gradient maps (Fig. 2b), 
we quantify the ring area by algorithmically identifying the contour  
|∇ I|≈ 0 (see Supplementary Section 1.5 for details). Figure 2c shows 
the power dependence of the ring volume (product of area and 
sample thickness) as a fraction of the total heterostructure volume. 
At a critical power PC =  5 mW, we observed a nearly discontinuous 
growth rate of the volume fraction. Above the transition P >  PC, the 
photocurrent ring, and thus volume fraction, expands linearly with 
optical power.

The sharp transition at PC also manifests as a sudden deviation 
from power law behaviour. Figure 2c (lower right inset) shows the 
spatially integrated photocurrent versus power measured along the 
dashed line in Fig. 2a. The photocurrent increases rapidly at low 
power and exhibits ordinary power law growth (solid green line 
Fig. 2c, lower right inset). Above P =  PC, however, the data falls 
significantly below the power law fit, and the spatially integrated 
photocurrent remains nearly constant as power increases. Thus, 
the abrupt formation and expansion of the photocurrent ring cor-
responds directly to the collapse of power law behaviour observed 
in Fig. 1h. For ∆ t >  0.2 ps the same behaviour occurs at higher PC 
(as shown in Supplementary Section 3.2) since the pulses become 
separated in time and the effect of each individual pulse is weaker 
than when they are combined.

The anomalous photoresponse at room temperature is reminis-
cent of the gas-to-liquid phase transition of electron–hole pairs in 
conventional semiconductors—such as Si, Ge, GaAs and CdS—at 
low temperatures6,7,10. At low laser power, photo-excitation generates 
a gas of electrons and holes (Fig. 3a). Enhanced Coulomb interac-
tions bind electrons and holes into excitons with a nanometre-scale 
Bohr radius aB

5–7,10. The electron–hole pair density increases with 
laser power until exciton–exciton interactions become compara-
ble to interactions within an individual bound electron–hole pair. 
Below the power threshold for the phase transition PC, ordinary 
two-body (N2) exciton–exciton annihilation processes dominate the 
optoelectronic properties.

At the critical laser power PC, the electron–hole population 
merges into a non-equilibrium many-body phase (Fig. 3a). The elec-
tron–hole pair density N becomes so large that the average spacing 
between pairs is nearly equal to the exciton radius (Fig. 2c, upper left 
inset). At PC =  5 mW, the mean exciton–exciton separation, which we 
estimate to be axx =  1–3 nm in MoTe2 (Supplementary Section 5.1), is 
very close to the Bohr radius aB =  2.3 nm extracted from magneto-
optical measurements28. Once axx ~ aB, the electron–hole popula-
tion reaches the critical density NC ~ 0.5 nm−3 electron–hole pairs.  
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Fig. 1 | Multi-parameter dynamic photoresponse microscopy (MPDPM) 

of ultrathin MoTe2 photocells. a, Schematic of the photocell and 

measurement. b, MPDPM images for increasing laser power; wavelength 

λ =  1,200 nm, T =  297 K and time delay Δ t =  120 ps. c, Photocurrent versus 

optical power in the centre of the heterostructure (blue data) of thickness 

9 nm. The solid blue line is a fit to a power law and the red dashed line is 

the analytical model fit. Inset, schematic of photoexcitation and collection 

of electrons (e−) and holes (h+) in MoTe2. d–h, MPDPM images of the 

power law exponent, γ(x,y), as a function of two-pulse time delay Δ t 

(labelled). The dashed line in d outlines the graphene–MoTe2–graphene 

heterostructure. Scale bars 3 μ m. Circles indicate the FWHM of the 

diffraction-limited beam spot.
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This density NC, which is determined by the renormalized mini-
mum energy per electron–hole pair (Supplementary Fig. 14), 
remains constant in the liquid phase. Above the phase transition, the  

renormalization of the energy per electron–hole pair results in a sup-
pression of photon absorption within the electron–hole liquid11,12. 
The resulting electron–hole liquid exhibits a fixed electron–hole 
pair density NC, is highly polarizable in an applied electric field,  
and forms a sharp, stable boundary that separates it from the gas 
phase5–7. Electrons and holes in the liquid phase move independently 
from another within the confined liquid volume, yet they are not 
able to escape without sufficient excess energy.

We attribute the anomalous photoresponse in graphene–MoTe2–
graphene photocells to an electron–hole liquid phase, the proper-
ties of which are readily revealed through MPDPM. First, the liquid 
phase is characterized by a highly unusual ring-like interlayer pho-
toresponse, which results from the fast interlayer transit of liberated 
electrons and holes near the edge of the droplet. At the surface of 
the photocell device, the excitation laser forms a diffraction-limited 
Gaussian beam spot with a full-width at half-maximum (FWHM) 
of 1.67 μ m. When the local maximum power of the Gaussian beam 
exceeds the critical power threshold PC, an electron–hole liquid 
droplet forms near the centre of the beam spot. The observed pho-
tocurrent results from electrons and holes at the edges of the elec-
tron–hole liquid. The characteristic ring shape then arises from 
the convolution of the beam spot with a sharply bound region of 
suppressed absorption (see Materials and Methods). Figure 3b,c 
compares the electron–hole liquid model to interlayer photocurrent 
line traces as a function of increasing power (measured along the 
dashed line in Fig. 2a). The electron–hole liquid model (Fig. 3b) 
shows excellent agreement with the photocurrent line profiles, indi-
cating that the interlayer photocurrent is suppressed in the region of 
the anomalous phase.

Once the critical density NC is reached, energy added to the 
electron–hole liquid contributes exclusively to expansion. To see 
this, we first extract the squared centre-to-edge distance of the 
photocurrent ring ℓ2 from the photocurrent profiles of the pho-
tocurrent images shown in Fig. 2a, and plot ℓ2 versus power in 
Fig. 2c. As expected from the linear growth of the 2D volume, 
ℓ
2 increases linearly above the critical threshold (purple data in  

Fig. 2c), exhibiting nearly identical growth to the volume fraction. 
From the data, we conclude that the state leading to suppressed 
photoresponse exhibits a well-defined volume that is highly local-
ized, which increases as the number of electron–hole pairs (pro-
portional to the photon fluence) increases. We thus deduce that, 
similar to a conventional incompressible liquid, the condensate 
density NC remains fixed.

The electron–hole liquid phase can be dissociated with a small 
interlayer voltage. Figure 4a shows spatial photocurrent line cuts 
as a function of voltage, where the edge of the electron–hole liq-
uid droplet can be tracked via the centre-to-edge distance ℓ. For 
interlayer voltages Vi above the built-in potential ϕ0 =  − 41 mV 
(Supplementary Section 3.1), ℓ

2 decreases approximately linearly 
as the voltage increases (Fig. 4b). When the total interlayer voltage 
exceeds the critical voltage eVC =  e(Vi–ϕ0) >  45 meV, electrons and 
holes become ordinary electron–hole pairs. Above the critical inter-
layer voltage VC, a spatially uniform photocurrent re-emerges as the 
2D liquid dissociates in the electric field.

Although a single pulse with sufficiently high power may form 
the electron–hole liquid, two-pulse MPDPM measurements reveal 
the dynamic transition between the electron–hole liquid and gas 
phase. Figure 5a,b shows the time-resolved photocurrent and pho-
tocurrent nonlinearity γ. When the laser is fixed at the centre of the 
device, the photocurrent versus ∆ t exhibits a remarkably different 
power dependence between short and long time delay. At short time 
delay, the photocurrent at the centre of the device decreases with 
increasing power above PC (Supplementary Section 3.2). At long 
time delay, the photocurrent exhibits ordinary behaviour I ∝  P0.52 
(Fig. 5b). We fit γ versus ∆ t to an exponential decay (black line  
Fig. 5b) to extract the charge density persistence time τ = 22 ps.
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Fig. 2 | critical onset of ring-like photoresponse revealed through MPDPM.  

a, Spatially resolved photocurrent versus power (labelled), Δ t =  0.2 ps.  

The dashed line indicates the location of the photocurrent line profiles.  

b, Photocurrent gradient |∇ I| calculated from photocurrent maps in a.  

The contour |∇ I| ≈  0 encloses the photocurrent ring (red contour in the 

image at P =  9.7 mW). Scale bars 5 μ m, circles indicate FWHM of the 

beamspot. c, Photocurrent ring volume fraction (red data) versus laser 

power. The volume fraction is the ratio of the volume enclosed by the 

|∇ I| ≈  0 contours to the active photocell volume (area). Peak-to-valley 

distance ℓ (purple data) versus power extracted from line cuts in a. Red 

(purple) dashed lines are linear fits to volume fraction (ℓ2) versus power 

above PC. Top inset, inter-exciton spacing axx approaches the exciton Bohr 
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(blue data) and power law fit below PC (solid green line).
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Consistent with observations of the electron–hole liquid in 
conventional materials, exciton–exciton annihilation precedes the 
gas-to-liquid phase transition6,7. Figure 5c shows the photocurrent 

versus ∆ t for powers just below and above PC. Below PC (P =  3 mW), 
the two-pulse photocurrent exhibits excellent agreement with that 
expected from exciton–exciton annihilation (solid line Fig. 5c) 
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(Supplementary Section 4.4). At and above PC, when Δ t >  τ the 
pulses are independent, and each is insufficient to drive the phase 
transition. For Δ t <  τ, however, the combined charge density pro-
duced by the two pulses is sufficient to form the liquid droplet (see 
Supplementary Section 5.3). The observed two-pulse photocurrent 

is then suppressed compared to the photocurrent expected from 
exciton–exciton annihilation (solid lines Fig. 5c).

In quasi-2D TMDs, the large binding energy and strong 
Coulomb interactions combine to allow for an exotic electron–
hole liquid phase diagram10, suggesting new device applications 
that harness electronic fluids at room temperature. The gas-to-
liquid phase transition is set by the energy difference Δ E between 
the average energy per electron–hole pair in the gas phase and 
the reduced energy per electron–hole pair in the liquid phase10 
(Supplementary Section 5.3). When Δ E is large compared to ther-
mal energy at room temperature (kBT300K =  26 meV), the liquid is 
stable against thermal fluctuations. From the interlayer voltage 
dependence (Fig. 4a), we estimate that Δ E ~ eVC ~ 45 meV, approxi-
mately twice the thermal energy at room temperature. Although 
this renormalization is comparable to conventional 2D electron 
systems, the electron–hole pair binding energy (~102 meV) in 
TMDs is several orders of magnitude larger11,12,29,30. Such stable 
collective excitations—potentially exhibiting very high mobility—
could have applications in high-power, high-frequency terahertz 
sources and detectors that can be manipulated with both electronic 
and optical control.
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Fig. 5 | Dynamic photoresponse of the 2D electron–hole liquid.  

a, Photocurrent versus Δ t for increasing optical power. The laser is fixed 

at the centre of the device. Solid lines are exponential fits to the data at 

each power. b, Power law exponent γ as a function of Δ t, extracted by 

fitting the data in a to I ∝  Pγ. The solid black line is an exponential fit with 

a characteristic timescale τ =  22 ps. c, Photocurrent versus time delay as 

a function of power, offset for clarity, near the power threshold at 5 mW. 

Solid lines indicate fits to the exciton–exciton annihilation model that 

describes the sub-critical photocurrent (Supplementary Section 4).
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Methods
Sample synthesis and characterization. We obtain bulk graphite from Covalent 
Materials Corporation and MoTe2 samples from 2D Semiconductors, Inc. 
Mechanical exfoliation of bulk samples onto Si/SiO2 (290 nm oxide) substrates 
yields atomically thin flakes of graphene and MoTe2. The heterostructure is 
constructed using a dry transfer process based on a technique developed by 
Castellanos-Gomez et al.31 (Supplementary Section 2.1). This procedure uses 
a custom-built transfer microscope that picks up the component materials 
with a polydimethylsiloxane (PDMS)/polypropylene carbonate (PPC) stamp 
and controllably deposits it on top of another component on a Si substrate. We 
assemble our heterostructure by picking up and stacking the top graphene onto the 
MoTe2 flake, then transferring the combined material onto multi-layer graphene. 
Multi-layer (9 nm) MoTe2 was used to mitigate oxidation during fabrication and 
avoid complications due to interfacial effects and tunnelling with the graphene. We 
clean the sample in acetone to ensure removal of the sacrificial PPC layer. We make 
contact to our heterostructures with standard electron-beam lithography using a 
Leo SUPRA 55, followed by electron-beam evaporation of 4 nm of Ti and 120 nm 
of Au using a Temescal BJD 1800. Three devices, all providing similar results, were 
examined in this work.

Heterostructures are characterized by Raman spectroscopy and atomic force 
microscopy (AFM) to identify the relative thicknesses of each layer (Supplementary 
Section 2.2). Raman spectroscopy was performed using a Horiba LabRam in the 
backscattering configuration with 20 mW of laser power at a wavelength of 532 nm, 
a 100×  objective, and a 1,800 grooves per mm grating. AFM measurements were 
performed using a Digital Instruments Nanoscope IV with a silicon cantilever in 
tapping mode to confirm the layer thicknesses of each device.

Space–time-resolved photocurrent microscopy. Our optics combine the 
techniques of scanning beam photocurrent and reflectance microscopy with 
ultrafast optical pump–probe measurements32,33 (detailed description in 
Supplementary Section 1.1). The light source is a MIRA 900 OPO ultrafast pulsed 
laser which generates 150 fs pulses with controllable wavelengths from 1,150 nm 
to 1,550 nm at a 75 MHz repetition rate. The OPO is tuned to its peak output 
at 1,200 nm, close to the A exciton resonance of MoTe2. Due to the spectrally 
broad nature of ultrafast pulses, approximately 10% of the light is absorbed 
(Supplementary Section 5.1). The output of the laser is split into two paths by a 
50/50 beamsplitter and a translation stage is used to controllably introduce a path 
length difference, so that a single laser pulse is split into two sub-pulses separated 
by a time delay Δ t. The recombined beam is then fed into scanning beam optics 
which consists of rotating mirrors and a system of two lenses that focus the beam 
onto the back of an objective lens. The objective lens is set at the focal length of the 
second lens such that, as the scanning mirror rotates, the beam is still focused onto 
the same position on the back of the objective but arriving at a different angle. The 
objective lens focuses the light down into a diffraction-limited beam spot where 
the position of the beam spot depends on the incidence angle. As the scanning 
mirror rotates, the beam spot moves over a wide range of the sample without 
aberration, allowing for rapid high-resolution scanning.

To fully enclose our focusing optics inside the vacuum chamber, we use a 
gradient index of refraction (GRIN) lens as an objective lens. A GRIN lens is a 
single small cylinder of glass in which the index of refraction is continuously 

varied along the radial and axial directions. Since it lacks the many interfaces 
of a conventional objective, a GRIN lens does not disperse the laser pulses 
as dramatically as a traditional objective lens. We measure a pulse width of 
approximately 190 fs at the sample. The low pulse dispersion allows us to measure 
short timescales accurately and gives a high peak intensity.

Modelling the spatially resolved photoresponse. To understand the spatial 
distribution of the photocurrent we need to model what happens when a laser 
pulse illuminates the sample (Supplementary Section 5.2). At the surface of the 
sample the laser is a diffraction-limited beam spot with a spatial profile that 
can be approximated as P(x) =  P0exp(− x2/2σ2). Below the critical threshold, 
PC, the photoresponse obeys a power law I ∝  Pγ. Thus for P0 ≤  Pth the observed 
photocurrent is given by taking the convolution of the Gaussian beam and the 
photocell profile (working in one dimension for simplicity, but this can easily be 
generalized to two dimensions):
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where f(x) is a function describing the profile of the sample; f(x) =  1 on the sample 
and zero otherwise.

To model the photoresponse in the electron–hole liquid regime we consider 
the case where, for P0 >  Pth, an electron hole liquid droplet will form near the centre 
of the beam spot. Once the droplet forms, it can absorb nearby charge carriers 
and the electron–hole droplet size should increase linearly as the laser power is 
increased; thus the size of the droplet ℓ is given by ℓ =  L0(P0 −  Pth), where L0 is a 
free parameter that tunes the rate of expansion of the droplet. Since charge carriers 
inside the droplet recombine, the part of the beam spot that the droplet is under 
does not contribute to the observed photocurrent; thus the current is modelled by
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The observed photocurrent is the convolution of the photocurrent due to gas-
phase electron–hole pairs and the photocell active area profile; the volume of the 
liquid droplet does not contribute to the observed photocurrent, resulting in a 
suppression of the photocurrent.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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