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ABSTRACT 

A thin layer of Al2O3 was employed as an interfacial layer between surface conductive 

hydrogen-terminated (H-terminated) diamond and MoO3 to increase the distance between the hole 

accumulation layer in diamond and negatively charged states in the acceptor layer, and thus reduce 

the Coulomb scattering and increase the hole mobility. The valence band offsets are found to be 

2.7 and 3.1 eV for Al2O3/H-terminated diamond and MoO3/H-terminated diamond, respectively. 

Compared to the MoO3/H-terminated diamond structure, a higher hole mobility was achieved with 

Al2O3 inserted as an interface layer. This work provides a strategy to achieve increased hole 

mobility of surface conductive diamond by using optimal interlayers with high electron affinity 

surface acceptor materials.  
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Diamond is a promising candidate for high frequency and high-power electronic devices due 

to its high thermal conductivity, wide band gap, high carrier mobility and high-saturated drift 

velocity. Field effect transistors (FETs) based on dielectric layers on hydrogen terminated diamond 

(H-diamond) show surface conductivity usually ascribed to the formation of a hole accumulation 

layer [1]. The prior studies, taken together, indicate that charge transfer at the dielectric / H-

diamond interface can lead to a hole accumulation layer but with relatively low mobility attributed 

to interface scattering from the transferred negative charge [2]. A recent study of FETs from Al2O3 

/ H-diamond has shown high RF performance with an fT of 30 GHz [1]. A notable aspect of this 

study is the indication of a carrier velocity of 1 x 107 cm/s, which approaches the saturation velocity 

of diamond [3]. A second set of papers focused on the low field hole mobility when hexagonal 

boron nitride (h-BN) is used as the dielectric on H-diamond [4,5,6]. A high channel mobility of 

~680 cm2/V-s was achieved [6]. This significant increase of the measured mobility was ascribed 

to effective reduction of charge scattering at the interface [5,6]. Following the indication of the 

role of interface scattering, this report presents a different approach to increase the low field 

channel mobility at the dielectric / H-diamond interface following a strategy similar to modulation 

doping in III-V heterostructures [7].    

While p- and n-type substitutional dopants exhibit high activation energies in diamond, a p-

type surface conducting layer can be readily achieved by surface transfer doping at a diamond 

surface or interface. [1] The conductivity of the surface layer is not thermally activated, which 

provides an advantage relative to impurity doping in diamond. Indeed, surface transfer doping 

provides an alternative strategy to enable high power and high frequency diamond field effect 

transistor (FET) operation. While surface transfer doping was first observed for air exposed H-

diamond surfaces, a number of studies have shown surface transfer doping characteristics at 

dielectric / H-diamond interfaces [8]. The surface conducting layer of both air exposed and 

dielectric / H-diamond interfaces can reach the following electrical properties: sheet resistance of 

5-20 kΩ/sq, hole density of 1012-1013 cm-2 and hole mobility of 10-150 cm2/V-s [8].  
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 Hydrogen-terminated (H-terminated) diamond (Eg = 5.47 eV) exhibits a negative electron 

affinity (NEA) of -1.1~-1.3 eV [9]. Consequently, the valence band maximum (VBM) of the H-

terminated diamond is ~4.3 eV below the vacuum level. Materials with sufficiently high electron 

affinity (χ > 4.3 eV), such as MoO3, V2O5, WO3, could align with their conduction band minimum 

(CBM) below the VBM of H-terminated diamond. Electron transfer, from the diamond to the 

transition metal oxides, would then be energetically favorable. The relative band alignment of the 

dielectric layer provides the driving electric potential for the transfer of electron from the diamond 

valence band to the dielectric layer conduction band or localized defects within the gap [10,11].  

 While surface conductive diamond may be enabled by high electron affinity metal oxides, a 

correlation is often observed between hole concentration and mobility where an increase in carrier 

concentration is associated with a mobility decrease or vice versa [8]. One possibility is that for 

charge transfer doping, the density of the negatively charged states is not distributed homogenously 

in the oxide, but accumulate in a layer adjacent to the hole accumulation layer in the diamond [12]. 

Those negatively charged states give rise to Coulomb scattering in the hole accumulation layer. 

For bulk-doping of semiconductors, the scattering of free charge carriers at low temperatures is 

dominated by Coulomb scattering from the ionized impurities. With the Brooks-Herring and 

Conwell-Weisskopf approximations, the mobility is described by [13] 

𝜇𝐼 = 8√2𝑞3 (𝑘𝜋)32 𝜀𝑟2𝑇3/2(𝑚∗)0.5𝑁𝐼𝑓 , (1) 

where k is the Boltzmann constant, q is the electron elementary charge, εr is the relative permittivity, 

m* is the effective mass, NI is the concentration of ionized impurities and f is the screening factor. 

The Coulomb scattering mechanism results in a carrier mobility that is inversely proportional to 

the density of charged scattering centers. Similarly, the sheet resistance is described as 

 Rs = 1/µq(NI t)  ,  (2) 
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where t is the layer thickness and (NI t) is the sheet carrier concentration. For a specific sheet 

resistance, µqRs = 1/(NI t) provides the relation of the mobility and sheet charge concentration for 

a range of values. A larger sheet charge concentration is linearly balanced by a reduction of the 

mobility.  

For charge transfer doping, the results from temperature-dependent Hall effect measurements 

also confirm this [12]. As the density of negatively charged states in the adsorbate or dielectric 

layer is approximately equal to the hole sheet concentration in the diamond, an increase in the hole 

sheet concentration is associated with an increase of negatively charged states in the adsorbate or 

dielectric layer. Furthermore, the increased density of negatively charge states would result in a 

reduction of hole mobility due to the Coulomb scattering.  

On the other hand, the potential of a charged scattering center v(r) is ~1/|r|. When the 

negatively charged states accumulate adjacent to the hole accumulation layer, the effect of 

Coulomb scattering is significant and limits the hole mobility [2,4]. This effect has also been 

analyzed in detail for modulation doping in AlGaAs/GaAs heterostructures. Here, impurity doping 

in the AlGaAs layer can provide electrons to the GaAs charge accumulation layer which reduces 

the ionized impurity scattering and the mobility is projected to increase as d5/2 where d is the 

location of the dopants relative to the interface [7]. Following the example of modulation doping 

in AlGaAs/GaAs, we propose to employ a thin layer of Al2O3 as an interfacial layer between 

diamond and MoO3 to increase the distance between the hole accumulation layer in diamond and 

the negatively charged states in the acceptor layer.  

This study presents photoemission measurements of the electronic band alignment of the 

MoO3 / Al2O3 / H-diamond layer structure to gain insight into the driving potential for the negative 

charge transfer and the location of the negative charges near the interface, in the Al2O3 layer or in 

the MoO3 layer. 

 The diamond substrates used in this study were 5×5 mm2 type IIa chemical vapor deposited 
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single crystalline undoped diamond (100) substrates. A hydrogen plasma treatment was applied 

for 15 min to obtain an H-terminated surface. Hydrogen terminated surfaces were prepared in a 

microwave plasma chemical vapor deposition system used for diamond layer growth. The process 

was applied for 15 min using a microwave power of 1000 W and H2 pressure of 50 Torr. The 

diamond substrate reached ~800 °C due to heating from the plasma.  

 The Al2O3 deposition was accomplished by remote plasma enhanced atomic layer epitaxy 

(PEALD). The precursor used was dimethylaluminum isoproxide (DMAI, [(CH3)2AlOCH(CH3)2]2) 

and an O2 plasma was used as the oxidizer [14]. The oxygen plasma was excited with 30 W rf 

power. The growth rate was ~1.5 Å/cycle at a substrate temperature of 100 °C.  

 After Al2O3 deposition, the surface was processed with a hydrogen plasma post-deposition 

treatment for 30 min at ~500 °C. The hydrogen plasma was excited by 100W rf power. The 

chamber pressure was maintained at 100 mTorr with a constant H2 gas flow of 20 sccm. Additional 

details are presented in our previous work [14]. 

 Molybdenum oxide layers were deposited in a reactive electron beam deposition (EBD) 

system, which has a base pressure of 1×10-8 Torr. Molybdenum pellets with a purity of 99.99% 

were evaporated using an e-beam. After deposition the substrates were transferred (in UHV) to the 

PEALD system where an O-plasma process was employed. The MoO3 (+6) oxidation state was 

achieved using a 5 min oxygen plasma treatment at ambient temperature. The remote plasma was 

generated by 30 W rf excitation with a 100 mTorr oxygen pressure. The oxidation state of the 

molybdenum oxide layers was examined with XPS. 

 The hole accumulation layer is associated with upward band bending in the diamond near 

surface region. Consequently, the surface conducting state can be indicated by measuring the 

binding energy of the C 1s core level. After each process (Al2O3 deposition, hydrogen plasma, Mo 

deposition, oxygen plasma), the surface was characterized using in situ XPS, which employed a 

monochromated Al Kα X-ray source (hν = 1486.6 eV) with a bandwidth of 0.2 eV and a R3000 
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Scienta analyzer with a resolution of 0.1 eV. All core level spectra were recorded with a 0.05 eV 

step, and the peak positions can be resolved to ~±0.05 eV by curve fitting. 

 Ex-situ Hall effect measurements were performed using an Ecopia HMS-3000 Hall 

measurement system. The diamond was mounted on a Van der Pauw-Hall probe. A ~0.5 mm 

diameter dot of gold foil was used under each probe tip to increase the contact area. The surface 

resistance, carrier density, and carrier mobility were measured with a 0.51 T permanent magnet at 

room temperature.  

 Diamond samples using MoO3 as acceptor layer were prepared with 0, 2 nm, and 4 nm Al2O3 

interface layers. For the H-terminated diamond surface with air exposure, the C 1s core level was 

located at a characteristic position 284.1 eV, indicating the surface conductive state [14]. After 2 

nm MoO3 deposition by EBD, the spectrum of the Mo 3d3/2 and 3d5/2 spectral region shows three 

peaks which is a superposition from metallic Mo regions and partially oxidized Mo regions (Fig. 

1c). The peak near 228 eV corresponds to the 3d5/2 core level of metallic Mo regions, the central 

peak is a combination of the 3d3/2 from the metallic regions and the 3d5/2 of partially oxidized Mo. 

The third peak at ~235 eV is the 3d3/2 of the partially oxidized Mo.  After the oxygen plasma 

process, the molybdenum is fully oxidized, and the remining two peaks correspond to the Mo 3d3/2 

and 3d5/2 core levels shifted to higher binding energies of 235.7 eV and 232.5 eV. These values 

indicate Mo in the +6 oxidation state (for MoO3) in Fig 1 as well as the samples described in Fig 

2 and Fig. 3. The C 1s core level was not affected by the MoO3 deposition. Fig. 1 shows the C 1s, 

O 1s, and Mo 3d core levels of the diamond surface after each process. 

 For the diamond samples that employed 2 nm Al2O3 interfacial layers, the C 1s core level 

shifted to higher binding energy after Al2O3 PEALD, as shown in Fig. 2. With a hydrogen plasma 

post-deposition treatment, the C 1s core level was restored to 284.0 eV, the characteristic binding 

energy of the surface conducting state, consistent with our previous study [14]. The Al 2p core 

level shifted 2.1 eV to a higher binding energy 75.3 eV, indicating that the hydrogen plasma 
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process not only restored the hole accumulation layer in diamond, but also resulted in a negatively 

charged layer at the interface. The negatively charged interfacial layer, which was adjacent to the 

diamond hole accumulation layer, would introduce the Coulomb scattering of the holes, limiting 

the hole mobility. After MoO3 deposition, the Al 2p core levels shifted 0.9 eV to lower binding 

energy, indicating a reduced density of negative charges close to diamond surface. Apparently, the 

Coulomb scattering due to the negatively charged interfacial layer was reduced. The C 1s core 

level position of the diamond was not affected by the MoO3 deposition, confirming the diamond 

surface remained in the conductive state.  

 For the diamond samples with 4 nm Al2O3 interfacial layer, after hydrogen plasma treatment, 

the C 1s core level at 284.2 eV (as shown in Fig. 3) was not fully restored (to 284.0 eV) 

characteristic of the surface conducting layer. The result may indicate that the hydrogen plasma is 

less effective restoring the surface conductivity for the thicker Al2O3 layers. However, with the 

addition of 2 nm of MoO3 the C 1s core level shifted from 284.2 eV to 284.0 eV, indicating electron 

transfer from the diamond to the MoO3 acceptor layer. 

Table 1 summarizes the change of sheet resistance, hole concentration and hole mobility of 

H-terminated diamond with MoO3 as acceptor layer and Al2O3 as an interface layer. The air -

exposed, hydrogen terminated surfaces exhibit sheet resistance consistent with many other reports 

[1]. The properties of the surface such as roughness and hydrogen termination contribute to the 

charge density and mobility of the specific surfaces [15]. For the sample without Al2O3, the surface 

conductivity of diamond was achieved with MoO3 as an acceptor layer. After MoO3 deposition 

and oxidation, the sheet resistance increased to 6.9 kΩ/sq, and remained under 10 kΩ/sq. The hole 

concentration remained the same as the H-terminated surface while the hole mobility decreased to 

8.9 cm2/(Vs). For the samples with an Al2O3 interface layer, the surface conductivity was achieved 

with the diamond/Al2O3/MoO3 structure. The sheet resistance increased similarly as without Al2O3 

to 5.9 kΩ/sq and 14.0 kΩ/sq, and the hole concentration decreased to 9.4×1012/cm2 and 
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3.5×1012/cm2, for the samples with 2 nm and 4 nm Al2O3, respectively. The hole mobility increased 

significantly to >100 cm2/V-s. The change of sheet resistance, hole concentration and hole mobility 

for the different structures with processes are plotted in Fig. 4(a), and the hole concentration and 

mobility of different structures are compared in Fig. 4(b). The hole mobility and concentration 

vary with the change of the thickness of Al2O3. 

 The valence band offset (ΔEV) between diamond and Al2O3 can be calculated using the 

following equation [16,17]: ΔEV = (ECL − EV)Diamond − (ECL − EV)Al2O3 − ΔECL ,   (3) 

where ECL is the binding energy of the XPS core level; EV is the valence band maximum (VBM); 

(ECL-EV) is the binding energy difference from the VBM to the respective core level; and ΔECL is 

the binding energy difference between the diamond and Al2O3 core levels measured at the interface 

(EC 1s 
CL  - EAl 2p 

CL ). The value of (ECL-EV)Al2O3 was 70.6±0.1 eV [18] and (ECL-EV)Diamond was 284.1±

0.1 eV. The diamond value was based on the assumption that the VBM is at the Fermi level for the 

surface conductive state. The VBO between Al2O3 and diamond was determined to be 2.6 eV by 

using Eq. (3), and taking account a band bending of 1.2 eV, which resulted from a concentration 

of defects or interstitial oxygen atoms in Al2O3 introduced by oxygen plasma [14]. The ΔEV 

between diamond and MoO3 was calculated to be 3.1 eV by using Eq. (3), where (ECL-EV)MoO3 

was 229.5 eV as the Fermi level of MoO3 is located close to its conduction band minimum (CBM). 

 The band diagrams of Al2O3 / H-diamond, and MoO3 / Al2O3 / H-diamond are shown in Fig. 

5. The charge at the Al2O3 / H-diamond interface is represented by a decrease of the band 

displacement. After MoO3 was deposited on Al2O3, the Al 2p core level shifted to lower binding 

energy. This result indicated that the distribution of negative charges changed and part of the 

negative charges originally close to diamond interface transferred into the MoO3 layer. 

According to the position of the Al 2p core level, the distribution of negative charge changes 
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with the increase of the Al2O3 layer thickness. As the charge transfer doping is driven by the energy 

level difference between the diamond VBM and the acceptor level, the sheet concentration and 

mobility of the hole accumulation layer are related to the oxide electron affinity. A higher electron 

affinity of the acceptor material corresponds to a larger energy difference with the diamond valence 

band. Evidently, oxides with a higher electron affinity lead to a higher sheet hole concentration 

and a lower hole mobility. Without the Al2O3 interfacial layer, the sheet concentration and mobility 

of the hole accumulation layer achieved with MoO3, are mainly determined by its electron affinity. 

With a thin Al2O3 interfacial layer, the MoO3 acts as an additional acceptor layer, where a fraction 

of the negative charges are located at the Al2O3 / H-diamond interface and the other negative 

charges are distributed in the MoO3. When the Al2O3 is sufficiently thick the negatively charged 

interfacial layer limits the hole mobility by Coulomb scattering.  

We note that reducing the negative charge in the Al2O3 could substantially improve the 

efficiency of charge transfer away from the interface. Our previous study explored a 500 °C anneal 

after the Al2O3 ALD deposition and H-plasma process, but a reduction in the interface charge was 

not detected [14]. Other approaches for Al2O3 deposition, such as high temperature ALD, could 

potentially improve the process [19]. We also note that effects related to interface roughness, 

defects and impurities could play a significant role in the charge transfer process [20]. 

 For an Al2O3 interlayer, as the thickness increases from 0 to 4 nm, the hole concentration 

decreases and the mobility increases. This effect could be quantified with Hall measurements 

which are planned for the future. The hole concentration decrease is because the distance between 

the diamond and acceptor layer increases, while the potential difference between the diamond and 

oxide bands (i.e. band offset) is unchanged. If the charge distribution is simplified to all holes 

accumulated at the interface of Al2O3 / H-diamond and all negative charged states accumulated at 

the interface of Al2O3/ MoO3, the hole concentration in diamond can be estimated by comparison 

to the ideal capacitor relations: Q = CV = (εA/d) V, where C is the capacitance, ε is the dielectric 
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constant, A is the contact area, d is the Al2O3 thickness, and V is the (before equilibrium) energy 

difference between the H-diamond VBM and the MoO3 conduction band. In this case, an increase 

of Al2O3 thickness results in a decrease of hole concentration. Although in the MoO3 / Al2O3 / H-

diamond structure, the negatively charged states distribute at both the Al2O3 / H-diamond interface 

and the MoO3 / Al2O3 interface. The increase of the distance between H-diamond and MoO3 results 

in a decrease of the charge transfer between H-diamond and MoO3. 

Insight into the charge distribution can be established with capacitance-voltage measurements 

as has been demonstrated in recent studies of dielectric layers on H-terminated diamond [21,22]. 

Such studies are being considered for future studies of dielectric layers on H-diamond. 

 The increase of the hole mobility may be attributed to the reduced Coulomb scattering with 

the increase of the distance between the hole accumulation layer and the negative charged states. 

At a certain point the increase of the Al2O3 layer thickness limits the charge transfer to the MoO3 

structure, and the interface turns into the case of thick Al2O3 on H-diamond [14].  

 In this work, a surface conducting layer was achieved using MoO3 as a charge transfer layer 

with a thin Al2O3 interfacial layer. The VBO are found to be 2.6 eV and 3.1 eV for Al2O3 / H-

terminated diamond and MoO3 / H-diamond, respectively. The band alignment provides the 

driving potential for charge transfer. The diamond sheet resistance, hole concentration and mobility 

were characterized for MoO3 / H-diamond with Al2O3 interfacial layers of 0, 2, and 4 nm thickness. 

By combining two oxides (Al2O3 and MoO3), the hole mobility and concentration were modulated 

by altering the thickness of the interfacial layer. The mobility of the hole accumulation layer on 

diamond was improved by inserting an interfacial layer to reduce interface scattering. The overall 

sheet resistance for the different Al2O3 interlayers remained constant, which suggests that the 

charge at the Al2O3 / H-diamond interface still limited the mobility. Improvement of the diamond 

Al2O3 / H-diamond interface guided by structural and chemical analysis and Hall measurements 

could substantially impact the interface mobility. The results also motivate further study of 
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alternative dielectric materials, with lower defect density, to serve as interlayers between the 

charge transfer dielectric and H-diamond.   
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TABLE 1 Hall measurement sheet resistance, carrier concentration and carrier mobility of 

diamond surfaces using MoO3 as acceptor layer with 0, 2, and 4 nm Al2O3 interfacial layers. 

Sample Process 
Sheet 

Resistance 
(kΩ/sq) 

Carrier 
Concentration 

/cm2 

Carrier 
Mobility 
cm2/V-s 

0 nm Al2O3 
interfacial 

layer 

H-terminated surface 1.8 1.9×1014 18.4 

After molybdenum dep. 3.6 1.3×1014 13.5 

Oxidation by plasma 6.9 1.0×1014 8.9 

2 nm Al2O3 
interfacial 

layer 

H-terminated surface 2.3 7.0×1014 3.94 

2 nm Al2O3 dep. & 
Hydrogen plasma 

2.0 6.4×1014 4.94 

Molybdenum dep. & 
Oxidation by plasma 

6.2 9.4×1012 100.7 

4 nm Al2O3 
interfacial 

layer 

H-terminated surface 5.9 4.6×1013 22.9 

4 nm Al2O3 dep. & 
Hydrogen plasma 

11.5 6.7×1013 8.1 

Molybdenum dep. & 
Oxidation by plasma 

14.0 3.5×1012 125.9 

 

  

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
8
3
9
7
1



16 

 

Figure Captions: 

Figure 1. XPS scans of MoO3 / H-diamond after each process, showing the (a) O 1s, (b) C 1s, and 

(c) Mo 3d core level peaks. The results indicate MoO3 after the oxygen plasma. 

Figure 2. XPS scans of MoO3 / 2 nm Al2O3 / H-diamond after each process step, showing the (a) 

O 1s, (b) C 1s, (c) Mo 3d, and (d) Al 2p core level peaks. The results indicate MoO3 and diamond 

surface conductivity after the O-plasma. 

Figure 3 XPS scans of MoO3 / 4 nm Al2O3 / H-diamond after each process step, showing the (a) O 

1s, (b) C 1s, (c) Mo 3d, and (d) Al 2p core level peaks. The results indicate MoO3 and diamond 

surface conductivity after the O-plasma. 

Figure 4 (a) The change of sheet resistance, hole concentration and hole mobility with processes 

for MoO3 / 0/2/4 nm Al2O3 / H-diamond. (b) The hole concentration and mobility of different 

structures. The lines indicate constant sheet resistance.   

Fig. 5. Band diagrams of MoO3 / H-diamond, Al2O3 / H-diamond and MoO3 / Al2O3 / H-diamond. 

Excess charges are indicated as well as the hole accumulation layer near the diamond interface. 
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