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ABSTRACT 

In this paper, we report a transient absorption microscopy study of photocarrier dynamics in CuS 

crystals at room temperature. The photocarriers are injected in the sample by interband absorption 

of a 410 nm pump pulse and are detected by measuring the differential reflection of a 660 nm 

probe pulse as functions of both the time delay and the spatial position of the probe pulse. By 

analyzing the spatiotemporal dynamics of these carriers, we obtained a diffusion coefficient of 4.4 

± 0.5 cm2 s-1, which corresponds to a mobility of 163 cm2 V-1 s-1. The moderate photocarrier 

transport performance indicates potential optoelectronic applications of CuS as a semiconducting 

material. Our results also illustrate the prospects of fabricating two-dimensional materials and 

heterostructures with CuS. 
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1. INTRODUCTION 

    Copper monosulfide (CuS) is a layered semiconducting crystal with a room-temperature direct 

bandgap of about 2 eV.1 It can be used in electronics,2 mechanical devices,3 and other fields. For 

example, CuS has been known for its essential role as a hole-transport layer4 in solar cells5 due to 

its low cost and outstanding photothermal performance. As a photocatalyst, CuS can help degrade 

organic pollutants and catalyze hydrogen production in water6 owing to its remarkable optical 

properties and excellent photoelectric characteristics under visible light.7 It is also know that CuS 

is difficult to dissolve in water and can oxidize in the air. It has a moderate thermal stability, with 

a decomposition temperature of about 220 °C.  

The recent progress on studies of the two-dimensional (2D) materials based on layered crystals 

brings renewed interests to CuS, which is also a layered compound with a hexagonal lattice 

structure. It has been shown that the 2D semiconductors with hexagonal lattices can offer unique 

valley-selective optical coupling,8–10 large binding energies of excitons, trions, and biexcitons,11–

14 and strong nonlinear optical responses15–19 compared to their bulk counterparts. These 

characteristics have stimulated the efforts of applying them in electronic20,21 and optoelectronic 

devices.22–25 As such, it is interesting to explore CuS as a new potential material to fabricate 2D 

structures.  

As a first step towards this goal, here we report a transient absorption study of photocarrier 

dynamics in CuS crystals. Understanding photocarrier dynamics is important for application of 

CuS in photocatalytic26 and photovoltaic27. We time-resolve energy relaxation and recombination 

of photocarriers. Furthermore, the spatial resolution of the photocarrier dynamics allows us to 

observe the diffusion of the photocarriers and measure their diffusion coefficients. These results 



 4 

provide basic understandings of the photocarrier dynamics in CuS and indicate the potential 

application of this material in 2D research. 

2. EXPERIMENTAL 

The bulk CuS crystals with high purity were acquired from 2D Semiconductors, INC. To obtain a 

sample for the optical measurements, we first remove the oxidized layers near the crystal surface 

by using an adhesive tape to cleave the sample, similar to the widely used mechanical exfoliation 

method.37,38 Then, thick flakes of CuS are exfoliated from the fresh surface of the crystal and are 

transferred onto a polydimethylsiloxane (PDMS) substrate for inspection. After that, the selected 

flakes are transferred to a silicon substrate with a layer of 285 nm thermally growth SiO2 for optical 

measurements. 

Photocarrier dynamics is studied by a transient absorption technique.39,40 We use a passively 

mode-locked Ti-doped sapphire laser to generate 100-fs pulses with a central wavelength of 820 

nm and a repetition rate of 80 MHz. This pulse is divided into two parts by a beamsplitter. One 

part pumps an optical parametric oscillator (OPO), which has a signal output in the range of 490-

750 nm. The other part of the pulse is sent to a beta barium borate (BBO) crystal to generate its 

second harmonic at 410 nm. The 410 nm pulse is focused on the sample by using an objective lens 

to a spot size of about 1.7 µm (in full width at half maximum), serving as the pump pulse to excite 

photocarriers in CuS. The probe pulse is obtained from the output of the OPO, which is focused 

on the sample by the same objective lens with a spot size of 1.8 µm. Considering the size of both 

spots, the spatial resolution of the system is about 2.5 µm. The reflected probe pulse from the 

sample is sent to one photodiode of a balanced detector. A portion of the probe pulse is taken 

before it enters the objective lens and is directly sent to the other photodiode of the balanced 

detector, which is used as the reference pulse for the balanced detection. 
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The purpose of using the balanced detection is to measure the differential reflection41,42 of the 

signal from the sample with a high signal-to-noise ratio. The balanced detector outputs a voltage 

signal that is proportional to the difference of the average optical powers received by its two 

photodiodes. With the pump beam blocked, we adjust the power of the reference beam so that it 

matches precisely the power of the probe beam, so that the balanced detector output is zero volts. 

Once the pump is unblocked, the balanced detector outputs a voltage that is proportional to the 

differential reflection, which is defined as ∆R/R0 = (R−R0)/R0, where R and R0 are the probe 

reflection with and without the pump reaching the sample, respectively. Since the probe power is 

nearly equally distributed to the two photodiodes, its common-mode noise (mostly the intensity 

noise) is also nearly evenly distributed. It is thus significantly suppressed by taking the difference. 

To further improve the signal-to-noise ratio, we use a mechanical chopper in the pump beam to 

modulate it at about 2 kHz. A lock-in amplifier measures the output voltage of the balanced 

detector at this frequency.  

With this setup, the differential reflection signal can be measured as a function of the probe 

delay, which is the time difference between the probe and the pump pulses reaching the sample. 

The probe delay is controlled by changing the path length of the pump pulse by a linear motorized 

stage. The temporal resolution of the measurements is approximately 300 fs, since both pulses are 

about 200 fs at the sample, mainly due to the dispersion of the objective lens. To resolve the 

different reflection signals spatially, we scan the pump spot across the probe spot by changing the 

incident angle of the pump into the objective lens. All the measurements were performed at room 

temperature with the sample under ambient conditions. 

Previously, various optical technologies have been used to study photocarrier diffusion 29 in 

semiconductors, such as transient gratings30, spatially resolved pump-probe,31 and spatially 
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resolved photoluminescence32. The spatially resolved pump-probe technique used here has been 

recently successfully applied to study the diffusion of excitons and electron-hole pairs in two-

dimensional materials.33-36. The carrier mobility can also be inferred from the diffusion 

coefficient through the Einstein’s relation. 

3. RESULTS AND DISCUSSION 

The crystal structure of CuS is shown in Figure 1a. It can be seen that CuS is a layered crystal 

with a hexagonal lattice. Since the atomic layers are connected by the weak van der Waals forces, 

it is possible to obtain thin layers and even single layers by exfoliation. This feature makes CuS a 

potential candidate to fabricate 2D materials and their heterostructures.  

 

Figure 1. (a) The crystal structure of CuS. Gold and orange balls represent Cu and S atoms, 
respectively. (b) Optical microscope image of the bulk CuS crystal. The scale bar is 20 µm. (c) 
The orange curve shows the photoluminescence spectrum of the CuS flake under 532-nm  and 4.5-
mW continuous-wave laser excitation. The integration time is 30 s. The black curve is a fit to the 
spectrum, which gives a peak position of 636 nm. (d) Peak differential reflection signal from the 
CuS flake as a function of the probe wavelength. The sample was excited by a 410 nm pump pulse 
with an energy fluence of 16.7 μJ cm-2. 
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One of the challenges of studying CuS is the sample degradation under ambient conditions. 

Hence, it is necessary to perform some preliminary treatments of the sample. It has been known 

that CuS undergoes a slow oxidation reaction in ambient conditions to produce copper monoxide 

(CuO), with the reaction equation as follows: 

                                                                   2CuS + O2 → 2CuO + 2S.                                                       (1) 

Before making the flakes for the measurements, we treat the surface of the CuS crystal by peeling 

off the CuO on the surface. Because of its hard texture, CuS cannot be easily peeled off into a 

layered structure by the conventional mechanical exfoliation method. To solve this problem, at 

first, we anneal the CuS crystal. It is known that CuS decompose at 220 °C and rapidly oxidized 

with the following reaction equations, 

                                                                 2CuS + 3O2
∆
→ 2CuO + 2SO2,                                                  (2) 

                                                                            2CuS
220℃
→   Cu2S + S.                                                        (3) 

We anneal the CuS crystal at 100 °C in a glove box and peel off its surface oxide layers while it is 

still hot. Then, after the crystal is cooled, we use a blade as a micro-surface eraser to obtain a high-

quality CuS surface. The whole procedure is under an inert gas atmosphere to avoid oxidation 

reactions. An optical microscope image of the sample obtained with this procedure is shown in 

Figure 1b. To facilitate optical measurements, we transfer the sample to a Si/SiO2 substrate (as 

described in Experimental). 

Figure 1c shows the photoluminescence (PL) spectrum of the CuS sample, which is obtained 

under 532-nm continuous-wave laser excitation. The excitation power is 4.5 mW and the 

integration time is the 30 s. We observed a rather weak and broad PL peak center at about 636 nm 

with a width of about 200 nm. We are not aware of previously reported PL from CuS. To probe 

the origin of the PL, we performed transient absorption spectroscopy measurements. We obtained 
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the peak differential reflection signal as a function of the probe wavelength by choosing the probe 

delay that gives the maximum signal for each probe wavelength. The 410 nm pump excited the 

sample with a fluence of 16.7 µJ cm-2. The results are shown in Figure 1d. We observed a peak at 

about 660 nm, which agrees well with the PL spectrum. Hence, both the PL and transient 

absorption spectroscopic measurements suggest a bandgap of about 1.88 eV, which is close to the 

previously reported bandgap of about 2 eV1. Based on these results, the PL could be attributed to 

the band-to-band allowed transition. The unusually broad spectrum could be due to the 

inhomogeneous broadening induced by shallow defects. However, further investigations, 

especially temperature-dependent PL spectroscopy, would be needed to fully understand the PL 

mechanism of CuS, which is beyond the scope of this study. 

We next study the photocarrier dynamics in CuS. To ensure that the sample degradation under 

the laser radiation has minimal effects on the experimental results, each measurement was repeated 

immediately to confirm that the same result was obtained in such back-to-back scans. Furthermore, 

after one set of the measurements, we exposed the sample under the laser radiation with a high 

fluence of about 30 µJ cm-2 for 30 min. By repeating the measurement performed before such 

exposure, we confirm that the results are unchanged. These procedures ensure that the slow 

oxidation of the sample has minimal effects on the experimental results.  

Figures 2a and 2b show the differential reflection signals in long and short time ranges, 

respectively. The signals are obtained under the excitation of a 410 nm pump pulse with various 

energy fluences, as indicated in the caption, with a probe wavelength of 660 nm. We found that at 

each pump fluence, the signal has a sharp peak, characterized by a fast rise followed by a fast 

decay. After that, there is a small rise of the signal for about 10 ps, followed by a slow decay that 

persist for over 1 ns. To probe whether the photocarrier dynamics depends on the injected carrier 
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density, we plot the normalized data in Figure 2c. Clearly, the data measured with different pump 

fluences overlap well. Furthermore, we plot the signal at the peak, 100 ps, and 1 ns as a function 

of the pump fluence in Figure 2d. At each probe delay, the signal is proportional to the pump 

fluence. The results shown in Figures 2d and 2d thus indicate that the photocarrier dynamics is 

independent of the injected carrier density. 

 

Figure 2. (a) The differential reflection signal from the CuS sample as a function of probe delay, 
measured with a 660-nm probe pulse and a 410-nm pump pulse with energy fluences of (from top 
to bottom) 33.3, 27.8, 22.2, 16.7, 13.9, 11.1, 8.3, 6.7, 5.6, 4.4, and 2.8 µJ cm-2, respectively. (b) 
Similar to (a) but with a shorter time range near the zero probe delay. The black dashed curve is a 
Gaussian fit to the peak with a width of 350 fs. (c) Normalized signal shown in (b).  (d) The 
differential reflection signal at the peak, 100 ps, and 1000 ps as a function of the pump fluence. 
The solid lines are linear fits.   
 

To understand the features shown in Figure 2, we note that the 660-nm probe (1.88 eV) is tuned 

to the bandgap of CuS, while the 420-nm pump (2.95 eV) injects photocarriers, in the form of free 

electron-hole pairs, with high excess energy of several hundred meV. However, the peak signal 

was observed at a very early probe delay, suggesting that the hot carriers alter the bandedge 
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absorption instantaneously. To quantify the feature, we fit the peak near 0 delay with a Gaussian 

function, as shown as the dashed line in Figure 2b. The width of 350 fs is close to the pulse widths 

used in the study. From this observation, we could assign this peak to direct nonlinear interaction 

of the pump and probe pulses, such as sum-frequency generation or two-photon absorption. In that 

case, this feature would be unrelated to the photocarriers. One potential carrier-related origin could 

be due to defects in the sample that trapped carriers. However, in this case the peak height relative 

to the rest of the signal is expected to decrease with the pump fluence because with higher injected 

densities, a smaller fraction of the carriers would be lost to the traps.  

The rest of the dynamics observed can be understood based on hot carrier energy relaxation and 

carrier recombination. Since the photocarriers are injected with several hundreds of meV above 

the bandedge, the energy relaxation of these hot carriers towards the bandedge states is expected 

to increase the population of carriers in the bandedge states, which are probed. Hence, the signal 

would increase. Based on the data, this energy relaxation process takes about 10 ps, and is 

independent of the carrier density. Finally, the decay of the signal is caused by loss of carrier 

population to the photocarrier recombination. Our data thus suggest a long photocarrier lifetime 

on the order of nanoseconds. 

In order to study the transport properties of photocarriers in CuS, we next perform spatially 

resolved different reflection measurements. This is done by measuring the differential reflection 

signal as a function of probe delay and the probe position relative to the pump position. To achieve 

this, we move the pump spot across the probe spot and for each pump position we record the 

differential reflection signal as a function of the probe delay. This allows us to extract the Gaussian 

spatial distribution of the signal at various probe delays as shown in Figure 3a. A few examples 

of the profiles are shown in Figure 3b with probe delay of (from top to bottom) 5, 54, 108, and 
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145 ps, respectively. By fitting these profiles and those not shown in the figure by Gaussian 

functions (solid curves), we derive the width (full width at half maximum, FWHM) of each profile. 

The square width is plotted as a function of the probe delay in Figure 3c. 

 

Figure 3. (a) The spatially resolved differential reflection signal from CuS measured with a 410-
nm pump and a 660-nm probe as a function of probe delay and probe position. (b) A few examples 
of the spatial profiles. The probe delays are (from top to bottom) 5, 54, 108, and 145 ps, 
respectively. (c) The squared width of the spatial profile of the signal as a function of probe delay. 
The red line is a linear fit to the data points, which corresponds to a diffusion coefficient of 4.4 ± 
0.5 cm2 s-1. 
 

The measurement profile of the differential reflection signal is proportional to the photocarrier 

density profile, as confirmed in Figure 2. Hence, the observed broadening is due to photocarrier 

diffusion. By solving the diffusion compound equation, it can be shown that for the initial Gaussian 

distribution (defined by the pump spot), the profile remains a Gaussian distributions in the whole 

process,44 and the width follows 45 
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                                                                    𝑤2(𝑡) = 𝑤0
2 + 11.09𝐷𝑡,                                                         (4) 

where D and w0 are photocarrier diffusion coefficients and the initial width. That is, the squared 

width (or the area covered by the photocarriers) increases linearly with time with a slope 

determined by the diffusion coefficient. By a linear fit as shown by the red line in Figure 3c, we 

obtained a diffusion coefficient of 4.4 ± 0.5 cm2 s-1. We note that, in order to further verify the 

experimental results, we repeated the spatially resolved pump-probe measurement on multiple 

locations of the sample and obtained reasonably consistent results. The uncertainty given reflects 

the spread of the results in these measurements. In the above analysis, we did not include the 

interlayer diffusion of carriers toward the surface. As a layered crystal, the interlayer carrier 

transport is expected to be much slower than the intralayer transport; and hence we expect a much 

smaller diffusion coefficient in the direction perpendicular to the sample surface.  

    Furthermore, by using the Einstein relation, D/(kBT)=μ/e, where kB, e and T are the Boltzmann's 

constant, the elementary charge, and the lattice temperature (295 K), respectively, we obtain a 

carrier mobility of about 163 cm2 V-1S-1. To our knowledge, the charge carrier mobility in CuS has 

not been measured previously. 

4. CONCLUSIONS 

We have studied photocarrier dynamics in CuS crystals by performed spatially, temporally, and 

spectrally resolved differential reflection measurements. The transient absorption and PL spectra 

established a direct bandgap of 1.88 eV for this material at room temperature. Time-resolved 

measurements show a hot carrier relaxation process of about 10 ps and a long photocarrier lifetime 

on the order of nanoseconds. The spatially and temporally resolved measurements revealed a 

photocarrier diffusion coefficient of about 4.4 cm2 s-1 and a charge carrier mobility of about 163 

cm2V-1S-1. These results are important for understanding the optical properties of CuS. 
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Furthermore, its layered structure, long carrier lifetime, and moderate transport performances 

indicate that CuS could be a good candidate for developing new 2D materials and heterostructures. 
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