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S1: Raman spectra of pristine and oxidized dicalcium nitride crystals 

100 200 300 400

Oxidized Ca
2
N

As-grown

 Ca2N I
n

te
n

s
it
y
 (

a
.u

.)

Raman Shift (cm
-1

)

 

 

 
Figure S1: Raman spectra of pristine (red curve) and oxidized (brown curve) [Ca2N]+·e− 

crystals. If [Ca2N]+·e− crystals are exposed to air, they undergo rapid oxidation and lose their 

electron-doping ability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

3 

 

 S2: Layer number dependent PL and Raman spectra of MoS2 films  

 

 

Figure S2 A displays the PL spectra obtained from MoS2 crystals of different 

thicknesses including mono-, bi-, and a few layers (~8L). The corresponding optical contrasts 

are shown in the inset of Figure S2 a. It is noted that gap changes in the indirect bandgap 

position was much higher when the layer number varied from 2L to 4L than the gap change 

observed along the direct transition (K-K), thus rendering the different rate of bandgap 

variation in direct and indirect gap positions as a function of layer number, which help us to 

distinguish the layer number and thickness (Figure S2 b). Layer-number dependency could 

also be observed in the Raman vibrational modes as illustrated in Figure S2 c and d. Distinct 

in-plane (E2g
1) and out-of-plane (A1g) phonon modes are characteristic features of the 

hexagonal lattice structure of MoS2 crystals; they are observed at 385 and 404 cm–1 in 1L 

MoS2. With an increase in MoS2 thickness (>1L), a gradual (a) red-shift in the E2g
1 Raman 

mode, (b) blue-shift in the A1g Raman mode, and (c) linearly increasing frequency differences 

between the E2g
1 and A1g modes could be observed (Figure S2 d). Therefore, crystal thickness 

up to 4 to 5 layers could be unambiguously identified using thickness-dependent PL spectra, 

Raman peak positions, and their frequency differences as the reference. Beyond 4 to 5 layers, 

thickness-dependent characterization using optical PL and Raman spectra becomes difficult. 

Our results on layer thickness-dependent PL and Raman spectra are consistent with 

previously reported results on MoS2 crystals. 1,2 
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Figure S2: Layer number-dependent PL and Raman spectra of MoS2. (a) PL spectra of MoS2 

from 1L to 8L. The inset displays the optical images of samples of different layer thicknesses. 

(b) Peak-position and peak-intensity comparison of direct and indirect PL emission spectra 

obtained from samples with different number of layers. (c) Layer number-dependent Raman 

spectra. (d) Plot of peak position and peak difference of the in-plane phonon mode (E2g
1) and 

out-of-plane phonon mode (A1g). All measurements were conducted at an excitation energy of 

2.41 eV (514.5 nm laser).  
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S3 and S4: Theoretical evidence of phonon softening in the MoS2 crystal due to 

degenerate electron doping 
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Figure S3: Doping density-dependent phonon dispersion relationships calculated for 2L-

MoS2. The table on the right shows a comparison of Raman-frequency softening for the E2g
1 

and A1g modes with respect to the doped electron density.  

 

 
E2u (S) E1g (R) E1u (IR) E2g

1 (R)

B1u (S) A1g (R) A2u (IR) B2g
1 (S)

276.8 278.2 395.5 397.5

405.2 407.2 471.1 471.9  
Figure. S4: Raman vibrational modes used for calculating the results shown in Fig. S3 for 2H 

2L-MoS2. Each frequency modes are expressed in cm−1.  
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S5: Thickness estimation of the MoS2 crystal placed on a [Ca2N]+·e− substrate  
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Figure S5: Empirical estimation of the thickness of MoS2/[Ca2N]+·e− heterostructures. 

Raman spectra of pristine bulk (black curve, labeled as 1) and MoS2/[Ca2N]+·e− 

heterostructures prepared using various thickness of MoS2 crystals (bulk to few-layer, labeled 

2 through 5). The spectra are shifted vertically for clarity. Observation of the typical Raman 

mode of [Ca2N]+·e− at 298 cm–1 in spectra 4 and 5 ensures that the corresponding MoS2 flake 

must be thinner than those which showed Raman spectra with 2H phase Raman modes 

(spectra 2 and 3) in the heterostructure. The optical images shown on the right represent 

typical heterostructures of MoS2 crystals of various thicknesses and the locations at which the 

corresponding Raman spectra were taken. The scale bar is 5 µm. Raman-mode softening and 

the emergence of new Raman modes explains the transition of MoS2 into a metallic phase in 

terms of the reduction in layer thickness. The PL and Raman spectra at the right confirm that 

the pristine few-layer sample indicated by the symbol “#” is in the limit of the bulk 

structure,1,2 which indicates that metallic structures exhibiting spectra 4 and 5 can also be 

counted as thinner bulk structures (~5–10 nm). 
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S6: Raman spectrum of the thin MoS2 crystal placed on a [Ca2N]+·e− substrate  
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Figure  S6: Raman spectra of the thinnest MoS2 on 2D-[Ca2N]+·e− (spectrum 1) among our 

samples. Raman spectrum of a thicker bulk MoS2 on 2D-[Ca2N]+·e− (spectrum 2) is shown for 

comparison. The intensity of the 2D-[Ca2N]+·e− Raman mode in the spectrum 1 is almost the 

same as pristine 2D-[Ca2N]+·e− indicating that the thickness of this particular MoS2 is only a 

few nanometers.  
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Table S1: Assignment of Raman peak positions of MoS2/[Ca2N]+·e− heterostructures. R and 

IR represent Raman- and infrared-active modes, respectively.  

 

 

 

 

 

 

Our experimental 

[Ca2N]+·e−/MoS2 

Peaks in 2H MoS2 Peaks in 1T′ MoS2 Assignment  

Experiment

al 

(cm–1) 1-9 

Theoretical 

(cm-1) 9-11 

Experime

ntal 

(cm–1) 6, 

12-15 

Theoretical  

(cm–1) 11, 16-

18 Peaks in 

the 2H + 

1T′ phase 

(cm–1) 

Peaks 

in the 

1T′ 

metallic 

phase 

(cm–1) 

138 142 - - - 140 Ag  (R) 

167 160 - - 156 152, 175 Bg (J1) R 

184 - - 177 -  A1g (M)-LA 

(M) (R) 

198 192 - -  192  E1g (R) 

212 215 - - 216 212 Ag (R) 

236 236, 

259 

- - 226 226 Bg (J2) (R) 

290 285 - 287 287 286, 288 Eu + E1g (IR 

+ R) 

350 358 - - 333, 358 333, 355 Ag (J3) (R) 

- - 383 383 - - E2g
1 (R) 

392 - - 393 - - E1u (IR) 

- - 408 408 408 403 A1g (R) 

415, 420 415 421 419 - 412 B2g
2 + E1u

2 
 

(IR + R)  

440 - - 427 - - E2g
2 (R) 

454 452 464 466 - - 2LA (M) 

(R) 

535 - 528 529 - - Eg (M) + 

TA’ (M) (R) 

564 - 571 572 - - 2 × E1g (R) 

653 - 643 641 - - A1g (M) + 

LA’ (M) (R) 

693 - - 699 - - B3g (R) 
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Table S2: Doping density-dependent Raman peak positions of monolayer 1T' MoS2 obtained 

from theoretical calculations. R and IR represent Raman- and infrared-active modes, 

respectively.  

Experimental 

[Ca2N]+·e−/MoS2  

peaks in 1T' 

metallic phase 

(cm–1) 

Theoretical Raman peaks in 1T'-MoS2 (cm–1) Previous theoretical 

results on 1T'-MoS2 
11, 16-

18 

  

0 cm–2 

1.1 × 1014 

cm–2 

2.2 × 1014 

cm–2 

Peak 

assignmen

t 

Raman 

Peak 

position 

(cm–1)  

Peak 

assignment 

142 145.7 147.6 142.3 Ag  (R) 140 Ag (R) 

160 156.6 164.6 167.7 Bg (R) 152, 175 Bg (J1) R 

192 219.2 203.5 207.4 Bg (R) - - 

215 219.2 214.2 209.0 Ag (R) 212 Ag (R) 

236, 259 226.5, 

 

234.2,  233.2,  Au (IR),  226 Bg (J2) (R) 

259 247.6, 

267.1 

248.7, 

264.1 

249.4, 

261.2 

Bu (IR), 

 Bu (IR) 

- - 

285 280.6, 

281.5, 

283.0 

277.1, 

281.0, 

287.2 

274.5, 

284.0, 

289.3 

Ag (R), Bg 

(R), Au 

(IR) 

286, 288 Eu + E1g (IR + 

R) 

358 330.5, 

338.6, 

345.4 

326.5, 

337.6, 

343.9 

323.3, 

338.1 

343.6 

Ag (R), Bu 

(IR), Ag 

(R) 

333, 355 Ag (J3) (R) 

415 402.2 400.4 403.0 Ag (R) 403, 412 A1g (R), B2g
2 + 

E1u
2

 (IR + R) 

452 462.5 461.5 463.0 Bu (IR) - - 
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S7: Polarization-dependent Raman vibrational modes of 2H MoS2 
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Figure S7: Polarization-dependent Raman spectra of monolayer 2H MoS2. Raman spectra at 

different sample rotation angles were measured with a fixed analyzer and polarizer parallel to 

each other. The in-plane (E2g
1) Raman mode showed a constant intensity at all polarization 

angles. The hexagonal symmetry of MoS2 results in an isotropic in-plane response with 

respect to the polarization of incident light. Our results on the isotropic nature of the 2H 

crystal agree with previously reported results on MoS2 characterized by polarized Raman 

spectroscopy.3,17 
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S8: Differential reflectance measurement from the pristine MoS2 and MoS2/[Ca2N]+·e− 

heterostructures  

 

 

 

1.6 1.8 2.0 2.2 2.4

 Pristine Bulk 

 Ca
2
N/ Bulk-MoS

2

 Ca
2
N/Thinner Bulk MoS

2

D
if
fe

re
n
ti
a
l 
R

e
fl
e
c
ta

n
c
e

 (
a

.u
)

Energy (eV)

A

B

Ref lection Image  

A
  e

x
c
ito

n
 (e

v
)

1.8 eV

1.5 eV

2H+1T’ MoS2

Doped MoS2

Bulk MoS2

a b

 

Figure S8: (a) Differential Reflectance measurement of the pristine MoS2 and 

MoS2/[Ca2N]+·e− heterostructure. (b) Spectral mapping images of corresponding samples are 

shown. The diferential reflectance measurement was performed by preparing the sample on 

the transparent glass. Detail of the spectral mapping technique is described in the Ref. 2.  
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