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Abstract 

Hydrogen-terminated diamond surface can be rendered conductive with the 

formation of quasi two dimensional hole gas (2DHG) by surface acceptors through a 

process called surface charge transfer doping (SCTD). Recent advances in using high 

electron affinity transition metal oxides (e.g. MoO3, WO3, and V2O5, etc.) to achieve 

highly efficient and thermally stable transfer doping of diamond surface have 

invigorated developing robust and high-performance electronic devices based on 

diamond surface, whereas there lacks theoretical understanding of the underlying 

mechanism of SCTD and it remains unkown how the SCTD inluences the electronical 

and optical properties of diamond surface. In this study, we employ a density functional 
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theory method to investigate the surface charge transfer doping of diamond by 

chromium trioxide (CrO3) with high electron affinity. Superior surface charge transfer 

of the hydrogenated diamond surface is demonstrated using CrO3 as an electron 

acceptor. The charge density difference and bader charge reveal that the electrons are 

transferred from the diamond surface to CrO3 molecule, leading to the formation of 

2DHG, and the holes left in the diamond surface increase the conductivity of the 

diamond surface. The analysis of electronic structure indicates that high areal hole 

density as large as 2131083.9 −× cm  for CrO3-doped diamond surface can be achieved. 

Besides, the optical absorption near infrared region of the hydrogenated diamond 

surface is greatly enhanced upon CrO3 doping, which implies that this CrO3-doped 

diamond surface is a promising candidate for optoelectronic materials. The present 

study provides an in-depth theoretical understanding of the formation of two-

dimensional hole gas on diamond surface induced by a new transition metal oxide, and 

predicts that the CrO3-doped diamond surface may have important implications in 

electronic and optoelectronic devices. 
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1. Introduction 

Diamond has been regarded as an technologically attractive material for a variety of 

electronic applications, including microwave electronic devices[1], bipolar junction 

transistors[2] and Schottky diodes[3], due to its many unique properties such as wide 

band gap, high charge carrier mobility and high thermal conductivity[4]. The 

combination of these properties makes diamond particularly attractive for producing 

high-power and high-frequency electronic devices[5]. However, development of 

diamond-based electronic devices has been impeded by significant technological 

difficulties, in particular the very high ionization energy, associated with conventional 

substitutional doping process[6]. Surface charge transfer doping (SCTD), which relies 

on charge exchange between a semiconductor and its surface dopants, offers a simple 

yet effective alternative to substitutional doping of diamond[7]. The SCTD model was 

originally proposed to explain the unexpected p-type surface conductivity that naturally 

occurs to air-exposed, hydrogen-terminated intrinsic diamond[8,9]. In this model, 

electrons are spontaneously transferred from the valence band of diamond to 

atmospheric adsorbates solvated in a water layer that covers diamond surface as a result 

of air exposure, giving rise to a subsurface two-dimensional hole gas (2DHG) and the 

associated p-type surface conductivity[10] with an areal hole density in the range of 

21312 10~10 −cm  and a mobility around  . Exploiting this naturally 

occurred, air-induced surface conducting channel has thus far enabled the development 

of a range of field-effect transistors (FETs) that demonstrate high-power and high-

frequency operations[5][11]. 

112100 −− sVcm
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Despite these successes, the dependence on air-borne species and the fragile water 

layer to induce the surface conductivity also inevitably limits the stability and 

reproducibility of the resulting devices[12], greatly impacting the practical prospects of 

surface transfer doped diamond devices. To address these limitations, considerable 

research efforts have been devoted to investigating alternative molecular-type surface 

acceptors for the SCTD of hydrogen-terminated diamond. After that, the fullerenes 

(C60), the fluorinated fullerenes (C60Fx, x=18, 36 and 48) and the tetrafluoro-

tetracyanoquinodimethane (F4-TCNQ) with high electron affinity, have been also 

deposited on the hydrogenated diamond surface[13-16]. The first solid-state molecular 

surface acceptor demonstrated is fullerene C60 by Strobel et al. with a maximum areal 

hole density of  [17]. Subsequently, Edmonds et al. examined the 

electronic properties of C60F48-doped diamond surface, and found that a high hole 

density close to   can be achieved[14]. Qi et al. have demonstrated a 

controllable surface transfer doping of hydrogenated diamond by the adsorption of 

strong electron-withdrawing molecule F4-TCNQ, which yields a high areal hole density 

of about  [13]. Jia et al. also studied the adsorption of F4-TCNQ 

molecule on hydrogenated diamond surfaces by employing density-functional tight-

binding and first-principle methods, and found that the adsorption of F4-TCNQ induces 

electron transfer from the diamond surface to molecules with holes accumulating on 

the diamond surface[15]. However, these molecular dopants are found to be unstable at 

elevated temperatures, and the resulting hole densities are all lower than that of water-

doped diamond surface. 

212105.1 −× cm

21310 −cm

213106.1 −× cm
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In order to further enhance the hole concentration and device stability of surface 

transfer doped diamond, more recently the high electron affinity transition metal oxides, 

e.g., molybdenum oxide (MoO3, EA=6.4 eV), tungsten trioxide (WO3, EA=6.4 eV) and 

vanadium pentoxide (V2O5, EA=6.46 eV)[18] have been shown as highly effective 

surface acceptors for diamond with both sheet hole density and thermal stability 

superior to those of air-doped diamond[19]. The SCTD using MoO3 was first 

demonstrated by Russell et al.[20] and subsequently revisited by Tordjman et al., which 

has a hole density exceeding [21]. Crawford et al. doped hydrogen-

terminated diamond surface with V2O5, which exhibits superior thermal and 

environmental stability[22]. Tordjman et al. investigated the WO3- and rhenium 

trioxide- (ReO3) doped hydrogenated diamond surface, and found that the WO3-doped 

system exhibits hole concentration of   and   at the 

temperature of 73 and 300 K, respectively, and the hole concentration for ReO3-doped 

system was determined to be 2131055.2 −× cm  at 73 K and  at 300 

K[23]. These successes have also promoted the exploration of their device applications 

in FETs[24,25]. The SCTD of diamond using high electron affinity oxides therefore 

presents a very promising route towards the development of diamond-based surface 

electronics with high-performance and robust operation.  

Despite these experimental advances, theoretical investigation of the SCTD of 

hydrogen-terminated diamond is relatively limited. Young et al. have studied the 

interaction between the absorbed molecules (HCl, NH3 and H2O) and the hydrogenated 

diamond surface using ab initio simulations, and found weak covalent interaction exists 

214100.1 −× cm

213107.1 −× cm 2141052.2 −× cm

2131063.3 −× cm
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between the H atoms of the absorbed molecules and the H atoms of the diamond 

surface[26]. Kim et al. employed a first-principles method to investigate the 

hydrogenated diamond surface with H2O molecules, and found the surface exhibits p-

type conductivity[27]. Rivero et al. have investigated the surface properties of the 

hydrogenated diamond surface in the presence of the NO2, NO and O3 molecules 

employing the hybrid density functional theory (DFT) method, and found that the 

hydrogenated C(100) surface with NO2 dopant yields a hole density of 

 [28]. However, a theoretical understanding of adsorption and 

interaction between high work function metal oxides and hydrogen-terminated 

diamond surface is still lacking. Furthermore, it is not clear how the presence of oxide 

surface acceptors will impact the electronic structures and optical properties of diamond.  

In this study, we employ a DFT method to explore the structural, electronic and 

optical properties of hydrogenated diamond surface covered with a novel transition 

metal oxide surface acceptor CrO3. The CrO3 has an even higher electron affinity (6.75) 

[18,29] than that of MoO3 or V2O5, and hence is expected to dope diamond more 

potently. Moreover, the SCTD of diamond with CrO3 has yet been studied neither 

experimentally nor theoretically. In the present work, the mechanism of surface charge 

transfer will be investigated to efficiently control the charge redistribution between the 

dopant molecule and the hydrogenated diamond surface. Besides, the optical properties 

of the CrO3-doped diamond surface such as absorption coefficient, reflectivity and 

electron energy loss spectrum of the CrO3-doped diamond surface are calculated. The 

present findings may advance the experimental and theoretical studies of the diamond 

2131015.4 −× cm
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surface with TMO, and open up new possibilities for superior diamond-based electronic 

and optoelectronic surface devices. 

 

2. Computational Details 

All calculations are carried out within the DFT framework as implemented in Vienna 

Ab Initio Simulation Package (VASP)[30-33]. The projector augmented-wave 

pseudopotentials are used to describe the interaction between ions and electrons, and 

the exchange-correlation effects are treated using the functional of Perdew–Burke–

Ernzerhof (PBE) under the generalized gradient approximation (GGA)[34]. In this 

study, the electronic configurations for the PAW potentials are 1s12s02p0 for H, 2s2p2 

for C, 2s22p4 for O and 4s14p03d5 for Cr. The C(001):(2×1) surface is modeled by 

repeated slab models[35], in which one slab consists of ten carbon atomic layers and a 

vacuum thickness of 15 Å in the vertical direction to separate the periodically repeated 

slabs. The surface and bottom carbon atoms of the slab are saturated by hydrogen atoms 

and the CrO3 dopant is introduced on only one side of the slab. During structural 

relaxation, the dopant and the atoms in the top five layers are allowed to relax while the 

atoms in the bottom five layers are fixed. The geometry is optimized until the total 

energies are less than 10-4 eV and the forces are smaller than 10-4 eV/Å. The influences 

of different k-point samplings and plane-wave cutoff energies are explored by a series 

of test calculations, which lead to the calculations being performed with an 8×8×1 k-

point sampling and a cutoff energy of 450 eV. 
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3. Results and discussion  

3.1 The structural and electronic properties of the clean hydrogen-terminated 

C(001)(2×1) surface 

Firstly, the structural and electronic properties of the clean hydrogen-terminated 

diamond surface are studied. The lattice constant of the bulk diamond is calculated to 

be 3.57 Å, which is in excellent agreement with the experimental value of 3.57 Å[36] 

and other theoretical results of 3.56 Å[37]. The reconstruction of hydrogen-terminated 

C(001)(2×1) surface was first reported by Lurie and Wilson using low-energy electron 

diffraction (LEED)[38] and later reproducibly observed by Hamza et al.. These studies 

showed that the reconstruction of the hydrogenated C(001)(2×1) surface consists of 

symmetric C-C dimers, which was confirmed by several other theoretical and 

experimental investigations[39]. In this work, the geometrical structure of the 

hydrogen-terminated C(001)(2×1) surface is optimized with symmetric dimers, and the 

C-C dimer bond length is calculated to be 1.62 Å, which is consistent with other DFT 

results[40]. The band structures of the clean hydrogen-terminated C(001)(2×1) surface 

is also calculated (c.f. Figure 4a). The forbidden energy gap between the occupied and 

unoccupied surface state is determined to be 3.2 eV, which is in good agreement with 

the theoretical value of 3.0 eV reported by Sque et al.[41]. 

 

3.2 The adsorption configuration of CrO3 molecule on C(001)(2×1):H surface  

To understand the interaction between CrO3 surface dopant and the hydrogen-

terminated diamond surface, the energetically most favourable adsorption 
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configurations of individual CrO3 molecule are firstly explored. As shown in Figure 1, 

three initial adsorption orientations of CrO3 molecules, namely parallel, tilted and 

vertical, are considered (i.e., the normal direction of the triangular face defined by the 

three oxygen atoms of a CrO3 tetrahedron is parallel, tilted and perpendicular, 

respectively, with respect to the diamond surface). In each case, four adsorption sites 

are studied, i.e., the Cr atom is located directly on top of the C site in the first layer (S1), 

the second layer (S2), the third layer including one directly underneath the dimer row 

(S3) and the other in-between dimer rows (S4), respectively. The optimized structures 

for the considered 12 adsorption configurations are presented in Figure 2, with the 

corresponding binding energies listed in Table 1. The binding energy (Eb) is defined as

)()()(b molsurfEsurfEmolEE +−+=   , where )( molsurfE +   and )(surfE   are 

the total energies of the relaxed hydrogen-terminated diamond surface with and without 

CrO3 molecule, respectively, and )(molE   is the total energy of relaxed CrO3 

molecule[42]. As shown in Table 1, the binding energies vary in a range of 0.25 ～ 

0.56 eV for the different adsorption sites, in which the positive values are indicative of 

the adsorption nature of CrO3 molecule in all considered configurations. It is noted that 

the binding energies of 0.55 ~ 0.56 eV for the vertical 2 (V2) and vertical 3 (V3) are 

notably larger than those of other configurations, suggesting that the CrO3 molecule 

prefers to adsorb on diamond with the center of oxygen surface on the top of the C 

atoms. In the following discussions, we select V2 as the energetically most favourable 

configuration to discuss how the presence of CrO3 adsorbate influences the structural, 

electronic and optical properties of the hydrogen-terminated diamond surface. 
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The structural parameters for the optimized V2 configuration are presented in Table 

2, along with the initial values before adsorption for comparison. It is noted that the 

<Cr-O> bond length and ∠O-Cr-O bond angle increase very slightly after adsorption. 

The C=C dimer bond length of 1.62 Å after doping is the same as that before adsorption. 

The vertical distance between the CrO3 molecule and the (001) surfaces of hydrogen-

terminated diamond surface is optimized to be 1.96 Å after adsorption. The CrO3 

adsorbate also has negligible impact on the diamond layer spacing, i.e., the vertical 

distances between the different layers are almost unchanged after adsorption. The 

minimal disruption to the structures of both diamond and CrO3 molecule indicates that 

there is no chemical interaction between CrO3 and the hydrogen-terminated diamond 

surface, and CrO3 molecule is physically adsorbed on the substrate, consistent with the 

chemically inert nature of the surface. 

 

3.3 The electronic properties of the hydrogen-terminated C(001)(2×1) surface with 

CrO3 dopant 

To investigate whether charge transfer occurs between CrO3 adsorbate and the 

diamond surface, the charge density difference ∆ρ is calculated and illustrated in Figure 

3. The ∆r is computed by the formula surfmol ρρρρ −−=∆ +surfmol , where surfmol+ρ  is 

the charge density of the diamond surface with CrO3 molecule, molρ  and surfρ  are 

the charge densities of isolated CrO3 molecule and the pristine hydrogen-terminated 

diamond surface[26], respectively. The yellow and light blue regions in Figure 3 

represent electron accumulation and depletion, respectively. It can be clearly seen that 
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there is strong electron accumulation around the oxygen atoms of the CrO3 molecule, 

whereas electron depletion appears around the surface of diamond. These results 

indicate that electrons are transferred from diamond surface to the CrO3 adsorbate, 

leaving holes accumulating on diamond as expected from the SCTD model. To quantify 

the amount of charge transferred across the interface and hence the hole density on 

diamond, the Bader charge for the intrinsic and CrO3 doped diamond surface is also 

calculated. As shown in Table 3, each CrO3 molecule attracts about 0.36 electrons from 

the underlying diamond, majority of which (0.3 e) are transferred to the O atoms. This 

is consistent with the electron density plots in Figure 3. The transferred electrons mostly 

originate from the top layer of the diamond surface, corroborating the formation of 

2DHG on diamond after CrO3 doping. The areal hole density on diamond can be simply 

estimated from the amount of charge transferred per unit cell, i.e., 2131007.7 −× cm . It 

should also be noted that the amount of electrons gained by each CrO3 is notably larger 

than that of other semiconductor systems. Xia et al. investigated the surface charge 

transfer of CrO3-doped II−VI semiconductors (ZnS, ZnSe, CdS and CdSe), and found 

that there are 0.27 ~ 0.35 electrons transferring from the semiconductors to each CrO3 

molecule [43]. Zanella et al. studied the electronic properties of CrO3-doped graphene 

layer and found that the C atoms donate 0.17 ～ 0.20 electrons to each CrO3 

molecule[44]. Our results here demonstrate that CrO3 acts as highly efficient surface 

acceptors for modulating the carrier concentration and hence surface conductivity of 

the hole conducting channel on diamond. 

The strong interfacial charge transfer as a result of the SCTD process is also 
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manifested by the drastic changes in the electronic structures of diamond upon the 

adsorption of CrO3. The calculated band structures and (projected) density of state 

(DOS) distribution of diamond before and after CrO3 adsorption are shown in Figure 4. 

The band structures and DOS for the CrO3-doped diamond surface are presented in 

spin-up and spin-down channels in order to understand if the SCTD process induces 

spin polarization. As compared with the pristine diamond surface, the Fermi level of 

the CrO3-doped diamond moves to the valence band edge of diamond, indicative of 

strong p-type degenerate doping effect of CrO3 adsorption and the metallic character of 

the diamond surface, which is consistent with the charge transfer analysis presented 

above. In addition, the CrO3 surface acceptor introduces a number of gap states into the 

diamond bandgap. More interestingly, these CrO3-induced gap states display a clear 

spin-splitting, corresponding to a magnetic moment of 0.3 μB/per CrO3. Such spin 

splitting is absent in the diamond band structures, suggesting that the induced magnetic 

moments mostly likely originate from transferred electrons into CrO3 molecules. 

Similar spin splitting in the H2O derived states was also observed in the system of H2O-

doped hydrogen-terminated diamond surface[45]. 

Further insights into the STCD process and the resulting electronic and spin 

properties of the doped system could be obtained from the analysis of the orbital and 

site projected partial DOS (PDOS). As shown in Fig. 5a, the top of valence bands for 

pristine hydrogen-terminated diamond consists of predominately C 2p derived states, 

and the top H atoms do not introduce any surface states into the bandgap, in agreement 

with previous reports[15]. Fig. 5b shows the PDOS of isolated CrO3 molecule, in which 
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the top of the occupied states (valence band-like) are mainly comprised of O 2p-derived 

states, whereas the bottom of unoccupied states (conduction band-like) consist of 

primarily Cr 3d orbitals. Both the occupied and unoccupied states have significant Cr 

3d- and O 2p- hybridization, similar to other transition metal oxides[18]. The lowest 

unoccupied state that is closest to the Fermi energy (labelled by the yellow arrow) will 

act as the acceptor state that participate in the SCTD process. There is no net magnetic 

moment for the CrO3 molecule due to the completely empty 3d orbitals of Cr6+. After 

the SCTD by CrO3 adsorption, the Fermi level moves into the top of diamond valence 

band as discussed above, which also can be clearly seen in the PDOS of C atoms in Fig. 

5c. Meanwhile, the original acceptor state from CrO3 (yellow arrow) becomes partially 

occupied by the transferred electrons from diamond valence band. The net magnetic 

moment associated with the excessive electrons in CrO3 give rise to the spin 

polarization in both Cr 3d and O 2p states through hybridization. 

By integrating the DOS of CrO3-doped diamond surface, the hole density is 

calculated to be 2131083.9 −× cm  , which is larger than the value of 2131007.7 −× cm  

estimated from the Bader charge. It is also noted that these results are larger than the 

values of 213105 −× cm   for water molecule[46] and   for NO2 

molecule[47], and comparable to highest hole densities achieved experimentally 

through MoO3 and WO3 SCTD [21,23]. Again, the CrO3 shows great potential as a 

highly effective surface acceptor to realize hole density beyond 21410 −cm   on 

diamond.  

 

2131015.4 −× cm



14 

 

3.4 The optical properties of the hydrogen-terminated C(001)(2×1) surface with 

CrO3 dopant 

In order to investigate how the SCTD by CrO3 affects the optical properties of the 

hydrogen-terminated diamond surface, we further calculate the absorption coefficient, 

reflectivity and electron energy loss function spectra of the CrO3-doped diamond 

surface. The linear optical properties can be obtained from the frequency-dependent 

complex dielectric function 

 )()()( 21 ωεωεωε i+=                                          (1),  

where )(1 ωε  and )(2 ωε  are the real and imaginary parts of the dielectric function, 

respectively, and ω   is the phonon energy. The imaginary part )(2 ωε   is calculated 

from the momentum matrix elements between the valence and conduction wave 

function  

)(||||
2

)( 23
22

2

2 ωδϕϕκ
ωπ

ωε 



−−〉〈×= ∫ ∑ vccc EEpd
m

Ve                   (2),  

where V   is the unit cell volume, e   is the electron charge,    is the reduced 

Planck’s constant, p  is the momentum operator, cϕ  and vϕ  are the wave functions 

of the conduction and valence bands, respectively[48]. The real parts )(1 ωε  can then 

be obtained from the Kramers-Kronging relationship 

 ω
ωω
ωωε

π
ωε dM ∫

∞

−
+=

0 22'

''
2

1
)(21)(                                         (3),  

where M   is the principle value of integral[49]. The reflectivity )(ωR  , electron 

energy loss function spectra )(ωL   and absorption coefficient )(ωα   can then be 

obtained from the complex dielectric function[50], i.e.,  
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The calculated )(1 ωε   and )(2 ωε  as a function of  ω  for bulk diamond is firstly 

calculated and presented in Figure 6, along with the experimental results for 

comparison[50]. For the bulk diamond, the spectrums of [100, 010, 001] 

crystallography orientations are degenerate, and only the results for [100] 

crystallography orientations are displayed in Figure 6. The calculated real-part of the 

dielectric function )(1 ωε   of 5.94 in the long wavelength limit (i.e. static dielectric 

constant) agrees well with previous experimental value of 5.82[51]. The experimental 

spectrum for the imaginary part of the dielectric function )(2 ωε  exhibits a threshold 

around 7.2 eV and a prominent peak at 12 eV due to interband transitions. It should be 

noted that the absorption edge corresponding to the bulk band gap of diamond of 5.5 

eV is suppressed in the experimental spectrum due to its indirect transition nature. In 

comparison, the calculated )(2 ωε  displays a threshold at 6.0 eV and a peak around 

11.5 eV, which deviate from the experimental values due to the underestimation of the 

band gap from DFT calculations. As for the real part of the dielectric constant, the 
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experimental peak at 7 eV [51] is much sharper than our calculated result due to the 

neglect of excitonic effects. On the other hand, the energy where 𝜀𝜀1 approaches to 0 

eV is quite accurately found.  

The calculated real and imaginary parts of dielectric function of the pristine, 

hydrogen-terminated and the most preferable CrO3-doped systems are presented in 

Figure 7. For the pristine and the CrO3-doped systems, the spectrums of [100, 010, 001] 

crystallography orientations are completely nondegenerate due to the inherent 

structural anisotropy. Both )(1 ωε   and )(2 ωε   display slight anisotropy character 

below 16 eV as expected but begin to converge at higher photon energies. The most 

dramatic changes to the dielectric function by CrO3 doping are the occurrence of 

absorption features in )(2 ωε   at low energies well below the absorption onset of 

pristine diamond surface, which are related to the electronic states introduced by CrO3 

clusters (c.f. Figure 5c). The )(ωR , )(ωL and )(ωα  of the hydrogenated diamond 

surface with and without CrO3 doping are presented in Figure 8 (a), (b) and (c), 

respectively. The peak of the )(ωR  appears at the energy of ~ 10.0 eV and the first 

peak of )(ωL   locates at ~ 20 eV for the hydrogenated diamond surface with and 

without CrO3 dopant. Overall, the changes to the reflectivity and electron energy loss 

function brought by the charge transfer doping are not significant. In contrast, as for the 

absorption spectra, the first peak of the )(ωα  for the CrO3-doped diamond surface 

appears at ~ 1.6 eV along with other asbsorption features below the absorption onset of 

hydrogenated diamond surface. It is shown that the adsorption of the CrO3 molecule on 

the hydrogenated diamond surface introduces new empty states within diamond band 
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gap, significantly enhancing the optical absorption of the Cr-doped diamond surface 

near infrared region. In the literature, it is also reported that the band structure of doped-

system can be modified by charge transfer, thereby showing wide light absorption[52-

55]. Our results suggest that the CrO3-doped diamond surface may have great potential 

in the application of optoelectronic devices for infrared or near infrared light detection. 

 

Conclusion 

The structural, electronic and optical properties of the chromium trioxide- (CrO3) 

doped diamond surface have been calculated by a density functional theory method. 

The calculations indicate that the CrO3 molecule is physically absorbed by the substrate, 

and the CrO3 dopant prefers to be stabilized on the basal (001) planes of diamond with 

the center of oxygen surface pointing to the C atoms. The CrO3 dopant extracts about 

0.36 electrons from the hydrogen atoms of the surface layer, resulting in the 

accumulation of holes on the diamond surface and the formation of quasi two-

dimensional hole gas. The predicted hole density is as high as 2131083.9 −× cm  at 0 K, 

indicating that the CrO3 molecule is a more promising candidate than other high work 

function transition metal oxides for the efficient charge transfer doping of the 

hydrogenated diamond surface. Besides, the CrO3 dopant has negligible effects on the 

reflectivity and electron energy loss function spectrum of the hydrogenated diamond 

surface, whereas the optical absorption of the diamond surface near infrared region is 

enhanced. The present findings may advance the related experimental and theoretical 

investigations for the realization of superior electronic and optoelectronic devices based 
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on diamond surface.  
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Table 1. The calculated binding energies for the different CrO3-doped diamond surfaces. 

The corresponding configurations are illustrated in Figure 1. 

Configuration 
Binding energy (eV) 

1 2 3 4 

Parallel doping 0.25 0.32 0.32 0.41 

Tilted doping 0.50 0.39 0.28 0.15 

Vertical doping 0.49 0.56 0.55 0.36 
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Table 2. The optimized structural parameters of the pristine and the CrO3-doped 

diamond surfaces. d: the bond length between atoms;Δd: the vertical distance between 

layers. 

Structural parameters before adsorption after adsorption 

d<Cr-O> (Å) 1.61/1.61/1.61 1.62/1.62/1.62 

∠O-Cr-O (°) 112/112/112 113/113/113 

d <C=C dimer> (Å) 1.62 1.62 

Δd (CrO3 -H layer) (Å)          - 1.96 

Δd (H layer -First C layer) (Å) 1.01 1.01 

Δd (First C layer-Second C layer) (Å) 0.81 0.81 

Δd (Second C layer -Third C layer) (Å) 0.80 0.80 

Δd (Third C layer -Fourth C layer) (Å) 0.93 0.93 
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Table 3. The calculated Bader charges for the CrO3-doped diamond surface. 

 
Bader charge (|e|) 

before adsorption after adsorption 

Diamond: H 0 0.36 

CrO3 0 -0.36 

Cr 1.78 1.72 

O -1.78 -2.08 

surface H layer 0 0.45 

the first C layer -0.11 -0.20 

the second C layer -0.01 -0.04 

the third C layer 0.14 0.13 

bottom H layer -0.05 -0.01 
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Figure captions 

Figure 1. Schematic view of the considered configurations for CrO3-doped diamond 

surface. For parallel, tilted and vertical doping, the normal direction of the three- 

oxygen surface is parallel, tilted and perpendicular to the diamond surface, respectively. 

The Cr atom is located directly on top of the C site in the first layer (S1), the second 

layer (S2), the third layer included one directly underneath the dimer row (S3) and the 

other in-between dimer rows (S4). The dark blue, red, brown and light blue spheres 

represent Cr, O, C and H atoms, respectively. 

Figure 2. Schematic view of the optimized structures for the considered configurations 

of CrO3-doped diamond surface. 

Figure 3. The (a) side-view and (b) top-view of charge density differences for the most 

preferable CrO3-doped diamond surface. The yellow and light blue regions represent 

the electron accumulation and depletion, respectively. The isosurface values are 

0.001 e/Å3. 

Figure 4. The band structures of (a) clean hydrogenated diamond surface and (b) the 

most preferable CrO3-doped diamond surface. The fermi energy is located at 0 eV. 

Figure 5. Partial density of state (PDOS) distribution of (a) the clean hydrogenated 

diamond surface, (b) the CrO3 molecule and (c) CrO3-doped diamond surface. The EF 

is fermi energy. 

Figure 6. (a) Real part )(1 ωε  and (b) imaginary part )(2 ωε  of the calculated dielectric 

constant for bulk diamond compared to experimental results[50].  

Figure 7. The dielectric function of (a) real part )(1 ωε  and (b) imaginary part )(2 ωε  
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for the clean hydrogenated diamond surface and the most preferable CrO3-doped 

diamond surface.  

Figure 8. The comparison of the optical properties for the clean hydrogenated diamond 

surface and the most preferable CrO3-doped diamond surface: (a) the reflectivity 

spectrum (𝑅𝑅(𝜔𝜔)); (b) the electron energy loss function spectrum (𝐿𝐿(𝜔𝜔)) and (c) the 

absorption coefficient spectrum (𝛼𝛼(𝜔𝜔)). 
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