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Given the advantages of diamond in terms of carrier mo-

bility, thermal conductivity, breakdown voltage, and chem-

ical stability, it offers great potential in high-temperature

and high-power electronic fields. However, the activation of

dopants is relatively hard for both donor and acceptor types.

Hexagonal boron nitride (h-BN) and cubic zinc-blende (c-

BN) structures have attracted great attention because of

their structures and properties similar to those of graphite

and diamond. In particular, h-BN, a two-dimensional (2D)

insulator with low dielectric constant and excellent chemi-

cal and thermal stability, is deemed a promising gate dielec-

tric for diamond field-effect transistors (FETs). Using an

air-free process, hole mobility in hydrogen-terminated di-

amond FETs with an h-BN gate dielectric was previously

increased to 680 cm2/Vs [1]. Furthermore, a large valence

band offset (2.08 eV) of the h-BN/diamond heterostructure

was determined using Kraut’s method, favoring the accu-

mulation of a high hole density at the heterointerface [2].

Despite the obstacles in growing pure cubic and single crys-

tal BN materials, great effort has been devoted theoreti-

cally and experimentally to promoting the application of

c-BN in diamond channel-based electronic devices. For in-

stance, Shammas et al. [3] reported a type-II alignment of

c-BN/diamond heterostructures, and the conduction band

offset was determined as 1.7 eV using X-ray photoelectron

spectroscopy measurement. In this work, 2D electron gas

with a high density of ∼1013 cm−2 was assumed to be pos-

sible in c-BN/diamond heterostructures. Furthermore, the

n-type or p-type surface doping appearing at c-BN/diamond

heterostructures can be modulated by interface C–N or C–

B bond configuration, resulting in a high areal electron or

hole density of 1013∼1014 cm−2. To conclude, BN/diamond

heterostructures, whether hexagonal or cubic, are promising

candidates for high-performance electronic devices with su-

perior electronic transport properties of 2D carriers.

The electron transport properties in c-BN/diamond het-

erostructures were studied previously [4]. However, analy-

ses of p-type conduction in BN/diamond heterostructures

are lacking. In this study, we systematically investigate the

variation of hole density with the Schottky barrier height,

barrier layer thickness, and modulation doping (MD) den-

sity. We model the hole mobility considering the conven-

tional five scattering mechanisms and study its variation

with barrier layer thickness and temperature. The effect of

variation parameters in wavefunction on mobility is also in-

vestigated, and n- and p-type conduction are compared in

BN/diamond heterostructures.

According to Chen et al. [2], a type-II band alignment

with a valence band offset of 2.08 eV is assumed for the

BN/diamond heterostructure. Figures 1(a) and (b) show

the schematic structure and the relevant band diagram of

the BN/diamond heterostructure, respectively. Here, tb and

ti are the thicknesses of the barrier layer and the undoped

spacer layer, respectively. Following the model by Delage-

beaudeuf et al. [5], the hole density in the BN/diamond

heterostructure is calculated, whose formula is listed as Eq.

(1) in Appendix A.

Besides the band offset, there are uncertainties in the

Schottky barrier height Φb of the BN/diamond heterostruc-

ture, which ranges from 0.5 to 4.8 eV. Here, the upper limit

is obtained by presuming Au as the Schottky metal and sub-

tracting the experimental electron affinity of BN (0.3 eV).

In the calculation, the 2D hole gas (2DHG) is neglected if its

density is lower than 1010 cm−2. Figure S1 in Appendix B

proves that the existence of 2DHG is only possible when

Φb < 3.58 eV when the barrier is undoped. The 2DHG

density ps in the uniformly doped barrier layer shows an

initially descending and then rising curve for small Φb (Fig-

ure S2 in Appendix B). For larger Φb, ps first rises sharply

and then saturates with barrier layer thickness.

Figures 1(c) and (d) illustrate the relation of ps with

the barrier layer thickness and MD density NA for differ-

ent Schottky barrier heights. As the increase of NA in the

barrier layer means more 2DHG in the heterointerface, the
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Figure 1 (Color online) (a) Schematic of a BN/diamond heterostructure; (b) energy band diagram of a p-type modulation doped

BN/diamond heterostructure; dependence of the hole density on the thickness of the BN barrier layer considering the MD for

different Schottky barrier heights: (c) 0.5 eV and (d) 4.8 eV; (e) comparison of electron and hole density as functions of the BN

barrier layer thickness for the cases without doping and with MD; comparison of n- and p-type conductivities as functions of the

BN barrier layer thickness for the cases without doping and with MD for different variation parameters: (f) VB1 and (g) VB2;

comparison of n- and p-type conductivities as functions of temperature for the cases without doping and with MD for different

variation parameters: (h) VB1 and (i) VB2.

special barrier layer thickness for the minimum ps point at

low Φb (< 3.58 eV) decreases accordingly, the same as the

critical barrier layer thickness for the 2DHG at high Φb,

which reduces from 36 to 15 nm when NA increases from

1×1018 to 10×1018 cm−3.

Figure 1(e) compares the electron and hole density in

BN/diamond heterostructures with undoped and MD bar-

rier layers. Apparently, the hole density is larger or com-

parable to the electron density in the considered range of

barrier layer thickness. MD becomes effective only when the

barrier layer is thicker than 10 nm. The hole and electron

density curves converge to similar values when the MD bar-

rier layer is thick enough. For the undoped barrier layer, the

variation of the hole density with the barrier layer thickness

is almost parallel to the electron counterpart.

Then, contrasts are made for electron/hole mobility con-

sidering the difference in the variational parameter b. That

is, in our previous study of diamond p-type channel [6], b

adopted as
[

33πm∗

de
2ps/2~2ε0εs

]

1/3
was conducive to the

fitting of theoretical mobility with the experimental data.

Meanwhile, for other 2D carrier studies [7], the parameter b

is also taken as
[

33m∗

de
2ps/8~2ε0εs

]

1/3
. The case using the

former b is defined as VB1, whereas the latter counterpart

is marked as VB2. The hole mobility is calculated consid-

ering the conventional interface roughness, acoustic phonon

(AC), nonpolar optical phonon (NOP), MD, and remote sur-

face roughness (RSR) scattering, whose formulas are shown

as Eqs. (2)–(7) in Appendix C. Here, the default value of

Φb is 1.1 eV, NA is 3×1018 cm−3, and ti is 5 nm.

We illustrate the detailed hole mobility curves in Fig-

ures S3–S6 in Appendix D, and contrasts of the electron and

hole mobility are made in Figures S7 and S8 in Appendix

E. The electron counterparts are similar to those in [4]. Fig-

ures 1(f)–(i) show the n-/p-type conductivity, represented

by the product of electron/hole density and mobility, as

functions of barrier layer thickness and temperature. For

VB1, the maximum conductivities lie at the barrier layer of

∼3 nm for the electron and ∼2 nm for the hole if the barrier

is undoped. Meanwhile, for the MD barrier, the minimum

conductivities are at the barrier layer of ∼25 nm for the

electron and hole. For VB2, the location of the peak con-

ductivity for the electron in undoped heterostructures is still

∼3 nm, whereas the p-type conductivity monotonously de-

creases with the barrier layer thickness. For the MD barrier,

the minimum conductivities manifest at the barrier layer of

∼24 and 25 nm for the electron and hole. In VB1, the n-type

conductivity is generally larger than the p-type conductiv-

ity, except when the barrier is over 54 nm and undoped. In

VB2, a similar case occurs when the barrier is over 60 nm

and undoped. Furthermore, with the barrier layer undoped

and thinner than 4 nm, the p-type conductivity in VB2 can

be larger than the n-type conductivity in both cases. In Fig-

ures 1(h)–(i), the carrier densities are independent of tem-

perature and taken as 4.6×1012 and 6.6×1012 cm−2 for the

electron and hole, respectively. Therefore, the conductivity

curves are similar to their mobility counterparts (see Fig-

ure S8 in Appendix E). The p-type conductivity for VB1

can be larger than the n-type conductivity with the MD

barrier layer when the temperature is lower than ∼55 K,

whereas the critical temperature for VB2 rises to 200 K.
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