
Abstract—Germanium sulfide (GeS) and germanium selenide 

(GeSe) are layered 2D van der Waals materials that belong to a 

family of group-IV monochalcogenides. These semiconductors 

have high carrier mobilities and moderate band gaps in the near 

infrared. Additionally, we have demonstrated that above gap 

photoexcitation results in ultrafast surface photocurrents and 

emission of THz pulses due to a spontaneous ferroelectric 

polarization that breaks inversion symmetry in the monolayer. 

Beyond the sub-picosecond time scales of shift currents, 

photoexcited carriers in both materials result in long-lived 

transient conductivity. We find that 800 nm excitation results in 

longer lived free photocarriers, persisting for hundreds of 

picoseconds to several nanoseconds, compared to tens to hundreds 

of picoseconds lifetimes for 400 nm excitation. Here, we report on 

tailoring the free photoexcited carrier lifetimes by intercalation of 

zero-valent Cu into the van der Waals gaps of GeS and GeSe. 

Density functional theory calculations predict that Cu atoms 

introduce mid-gap states. We demonstrate that intercalating only 

~ 3 atomic % of zero-valent Cu reduces the carrier lifetime by as 

much as two-to-four-fold, raising the prospects of these materials 

being used for high-speed optoelectronics. 

I. INTRODUCTION  

 

eS and GeSe are 2D van der Waals materials with 

orthorhombic crystal structure belonging to the Pnma space 

group and multilayer band gaps in the near-infrared infrared 

(1.55-1.65 eV for GeS and 1.1 eV for GeSe).1-4 High carrier 

mobility and a moderate band gap make them promising 

materials for high-speed optoelectronics and energy 

conversion.5-7 Broken inversion symmetry associated with a 

spontaneous ferroelectric polarization in the monolayers and 

surface layers results in anisotropic electronic and optical 

properties.8, 9 We have recently demonstrated that above-gap 

photoexcitation of both GeS and GeSe with 100 fs short laser 

pulses results in zero-bias in-plane shift current and emission of 

THz pulses, bringing forth possible applications as THz source 

materials.10, 11  

Here, we focus on investigating the photoexcited carrier 

dynamics in GeS and GeSe beyond the initial sub-picosecond 

response that yields THz emission, using Cu intercalation to 

tailor the photoexcited carrier lifetimes. Intercalation and 

deintercalation, the ability to insert foreign species (molecules, 

ions and atoms) into or out of the van der Waals gap of layered 

2D materials, can introduce new energy states and change 

charge carrier density and mobility, which leads to the 

modification of conductivity and optical absorption.12-14  

We investigate the effects of the intercalation on transient 

conductivity of GeS and GeSe using time-resolved THz 

spectroscopy (TRTS), a noncontact probe of microscopic 

photoconductivity. First-principles self-consistent quasiparticle 

Green’s function and screen Coulomb interactions (scqGW) 

within the VASP electronic structure code15 are used to model 

the effects of Cu intercalation on the optoelectronic properties 

of GeSe bilayers.  

II. RESULTS AND DISCUSSION 

We find that in both GeS and GeSe, photoexcitation by either 

800 nm or 400 nm pulses results in long-lived transient 

conductivity with photoexcited carrier lifetimes that are 

determined by the sample morphology viz. single crystalline vs 

nanoribbons and by the excitation photon energy. In bulk and 

nanostructured GeS and GeSe, 1.55 eV (800 nm) excitation 

results in much longer lived free photocarriers, persisting for 

hundreds of picoseconds in nanoribbons and several 

nanoseconds in single crystals, as compared to tens to hundreds 

of picoseconds lifetimes for carriers excited with 3.1 eV (400 

nm) pulses.16  

We also demonstrate tuning of the photoexcited carrier 
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Fig. 1. Density of states for GeSe bilayer (a) and GeSe bilayer intercalated 

with Cu (b) obtained using advanced scqGW method.  
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lifetimes by intercalation of zero-valent Cu. Many-body effects 

are crucial for the proper description of the optoelectronic 

properties of 2D-based materials. The scqGW method is used 

to obtain the electronic properties of the pristine and Cu-

intercalated structures characterized by the density of states 

(DoS). As illustrated in Fig. 1 (a), the quasiparticle band gap of 

GeSe bilayer is ~ 1.8 eV, which is larger than the ~ 1.1 eV gap 

for a multilayer. Cu intercalation into the van der Waals gap of 

GeSe at a concentration of approximately 3.03% results in the 

formation of intermediate band (IB) states (Fig. 1(b)). 

The corrugated structure of GeS and GeSe hinders 

intercalation and limits the atomic percent of Cu to ~3%, 13 but 

we find that it is sufficient to introduce IB states that reduce the 

carrier lifetime by as much as two-to-four-fold.  

Fig. 2. Transient THz photoconductivity excited in GeS and GeSe 

nanoribbons with and without Cu intercalation with 400 nm pulses. 

 

As illustrated in Fig.2, excitation of pure and Cu-intercalated 

GeS and GeSe nanoribbons with 400 nm, 100 fs pulses results 

in a fast onset of photoconductivity followed by its decay, 

represented by a transient change in the THz probe pulse peak. 

Pure GeSe photoconductivity dynamics exhibit biexponential 

decays with a fast component of ~12 ps and a longer-lived 

component of ~80 ps. Intercalation of Cu decreases the carrier 

lifetime by half, making the fast component ~ 6ps and longer-

lived component ~40 ps. Similarly, in the case of pure GeS, 

photoconductivity dynamics exhibit biexponential decay with a 

fast component ~ 6 ps and longer-lived component of ~ 40 ps. 

Introduction of copper into GeS decreases the fast and long 

components almost two times. Intercalation similarly reduces 

the lifetime of long-lived carriers excited with 800 nm pulses. 

At the same time, Cu intercalation is not found to impact THz 

emission properties, as neither the intensity nor the bandwidth 

of THz emission in response to 400 nm excitation is affected. 

 

In summary, intermediate band states introduced by Cu in GeS 

and GeSe are shown to behave as traps for photoexcited 

carriers, resulting in a significant decrease of carrier lifetime for 

both GeS and GeSe while not impacting THz emission 

properties. Understanding the effects of zero-valent metal 

intercalation will lay the foundations for advanced engineering 

of 2D group-IV monochalcogenides for applications in THz 

and optical photonic devices.    

 

 

 

ACKNOWLEDGEMENTS 

 

This work is supported in part with NSF DMR 2018326, 

1750944, and 2202101 awards, and with funding from the 

Gapontsev Family Collaborative Venture Fund.   

REFERENCES 

 

1. Vaughn, D. D., II;  Patel, R. J.;  Hickner, M. A.; Schaak, R. E., 

Single-Crystal Colloidal Nanosheets of GeS and GeSe. Journal of the American 
Chemical Society 2010, 132 (43), 15170. 

2. Elkorashy, A. M., Photoconductivity in single-crystal germanium 

sulphide. Journal of Physics: Condensed Matter 1990, 2 (28), 6195. 
3. Elkorashy, A. M., The indirect forbidden fundamental absorption 

edge in single-crystal germanium sulphide. Journal of Physics C: Solid State 

Physics 1988, 21 (13), 2595. 
4. Elkorashy, A. M., Indirect forbidden fundamental absorption edge 

in germanium selenide single crystals. physica status solidi (b) 1986, 135 (2), 

707. 

5. Li, F.;  Liu, X.;  Wang, Y.; Li, Y., Germanium monosulfide 

monolayer: a novel two-dimensional semiconductor with a high carrier 

mobility. J. Mater. Chem. C 2016, 4 (11), 2155. 
6. Sutter, E.;  Zhang, B.;  Sun, M.; Sutter, P., Few-Layer to Multilayer 

Germanium(II) Sulfide: Synthesis, Structure, Stability, and Optoelectronics. 

ACS Nano 2019, 13 (8), 9352. 
7. Tan, D.;  Zhang, W.;  Wang, X.;  Koirala, S.;  Miyauchi, Y.; 

Matsuda, K., Polarization-sensitive and broadband germanium sulfide 

photodetectors with excellent high-temperature performance. Nanoscale 2017, 
9 (34), 12425. 

8. Fei, R.;  Kang, W.; Yang, L., Ferroelectricity and Phase Transitions 

in Monolayer Group-IV Monochalcogenides. Phys Rev Lett 2016, 117 (9), 
097601. 

9. Rangel, T.;  Fregoso, B. M.;  Mendoza, B. S.;  Morimoto, T.;  Moore, 

J. E.; Neaton, J. B., Large Bulk Photovoltaic Effect and Spontaneous 
Polarization of Single-Layer Monochalcogenides. Phys Rev Lett 2017, 119 (6), 

067402. 

10. Kushnir, K.;  Qin, Y.;  Shen, Y. X.;  Li, G. J.;  Fregoso, B. M.;  

Tongay, S.; Titova, L. V., Ultrafast Zero-Bias Surface Photocurrent in 

Germanium Selenide: Promise for Terahertz Devices and Photovoltaics. ACS 

Appl. Mater. Interfaces 2019, 11 (5), 5492. 
11. Kushnir, K.;  Wang, M.;  Fitzgerald, P. D.;  Koski, K. J.; Titova, L. 

V., Ultrafast Zero-Bias Photocurrent in GeS Nanosheets: Promise for 

Photovoltaics. ACS Energy Letters 2017, 1429. 
12. Koski, K. J.;  Cha, J. J.;  Reed, B. W.;  Wessells, C. D.;  Kong, D.; 

Cui, Y., High-density chemical intercalation of zero-valent copper into Bi2Se3 

nanoribbons. J Am Chem Soc 2012, 134 (18), 7584. 
13. Wang, M.;  Al-Dhahir, I.;  Appiah, J.; Koski, K. J., Deintercalation 

of Zero-Valent Metals from Two-Dimensional Layered Chalcogenides. 

Chemistry of Materials 2017, 29 (4), 1650. 
14. Wang, M.;  Williams, D.;  Lahti, G.;  Teshima, S.;  Dominguez 

Aguilar, D.;  Perry, R.; Koski, K. J., Chemical intercalation of heavy metal, 
semimetal, and semiconductor atoms into 2D layered chalcogenides. 2D 

Materials 2018, 5 (4). 

15. Kresse, G.; Furthmüller, J., Efficient iterative schemes for ab initio 
total-energy calculations using a plane-wave basis set. Physical Review B 1996, 

54 (16), 11169. 

16. Khanmohammadi, S.;  Tran, C.;  Amini, H.;  Colin-Ulloa, E.;  
Ekuma, C.;  Koski, K. J.; Titova, L. V. In Engineering ultrafast carrier 

dynamics in GeS: nanostructuring and small molecule intercalation, 2022 47th 

International Conference on Infrared, Millimeter and Terahertz Waves 
(IRMMW-THz), 28 Aug.-2 Sept. 2022; 2022; pp 1. 

 

 

Authorized licensed use limited to: Gordon Library WPI. Downloaded on November 07,2024 at 21:47:32 UTC from IEEE Xplore.  Restrictions apply. 


