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ABSTRACT: Cubic boron nitride (cBN) has strong potential for the applications in high-temperature and high-power
electronics and deep ultraviolet devices due to its outstanding combined physical and chemical properties. P-type surface transfer
doping of heteroepitaxial cBN films was achieved by employing MoO; and tetrafluoro-tetracyanoquinodimethane (F4-TCNQ)
as the surface dopants. The surface conductivities of hydrogenated ¢cBN films increased by 3—6 orders after the deposition of
surface dopants. The photoemission spectroscopy (PES) measurements revealed the variation of electronic structures at the
interface regions, which suggested that the electron transfer from cBN films to the surface dopants induced hole accumulation at
the ¢cBN surface and the increase of surface conductivity. Based on the PES results, the energy level diagrams at MoO;/cBN and
F4-TCNQ/cBN interfaces were determined. The achievement provided a potential approach for fabricating cBN-based
electronic devices, especially on micrometer and nanometer scales.
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B INTRODUCTION

Cubic boron nitride (cBN), an isostructural and isoelectronic
material of diamond, has great potentials for applications in
high-temperature and high-power electronics and deep ultra-
violet (DUV) devices due to its large band gap (6—6.4 eV, the
largest among all covalent materials), high hardness, high
thermal conductivity (13 W/(cm K)), large breakdown field
strength (8 X 10° V/cm), and high thermal stability." These
outstanding properties make ¢BN attractive for the fabrication
of electronic devices enabling to operate in harsh environments.
A prerequisite for realizing cBN-based electronic devices is the
capability to understand and control its electronic and transport
properties through doping processes. Based on the high-
pressure high-temperature (HPHT) processes,” p- and n-type
cBN single crystals were synthesized by incorporating
impurities such as Be, Mg, Si and S Significantly, high-
temperature ¢BN p—n junctions and DUV light-emitting
diodes (LEDs) have also been demonstrated.*"® However,
the HPHT method can only produce crystallites with limited
size ranging from micrometers to millimeters, which obstructs
the electronic applications of cBN.
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Various physical and chemical vapor deposition (PVD and
CVD) techniques have been developed to grow ¢BN films.”
Large-area ¢BN thin films with high quality and in particular
heteroepitaxial cBN films have been achieved by using fluorine-
assisted CVD® and ion-beam-assisted deposition.” Nevertheless,
there have been thus far only a few work studying the doping
process and electronic properties of ¢BN films."'® Mg,''
Zn,">" and Si'* were incorporated during the PVD processes
to dope ¢BN films. p-type conduction was observed for Mg-
and Zn-doped cBN films, however, the increase in conductivity
was accompanied by a deviation from BN stoichiometry,
suggesting that the p-type conduction was induced by the
increased B/N ratio. The resistance of Si-doped ¢BN films
decreased by 2 orders compared with undoped ones, however,
the conduction type could not be determined due to the still
high resistivity. Ion implantation followed by high-temperature
annealing was also employed to dope ¢cBN films,">"® n- and p-
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type ¢BN films were achieved by Si and Be implantation,
respectively.

An alternative approach to manipulate the electrical proper-
ties of semiconductor thin films is through surface transfer
doping mechanism.'”'® As the surface adsorbate has a
misaligned Fermi level (Ep) with respect to that of the
underlying thin film, electrons will be extracted from or injected
into the thin film," forming an electron-deficiency or electron-
rich surface layer. Surface transfer doping has been widely
accepted for interpreting the surface conductivity of hydro-
genated diamond in air?®?! and it has also been observed at Si/
SiO, interface.”” Recently, the surface transfer doping has been
applied successfully to a variety of materials such as
diamond,”™*" graphene,”®° and silicon®'™** to control
their surface conductivities and electronic structures. It has
been demonstrated that the efficiency of surface transfer doping
for a semiconductor depends on its surface electronic structure
and the selection of proper surface dopants.

In this work, we report the study on surface transfer doping
of ¢BN films for the first time. Cubic BN with hydrogen-
terminated surface (cBN:H) shows a negative electron affinity
(NEA),>*7%¢ similar to hydrogenated diamond,*”*® which
strongly favors electrons to escape from the surface and
makes it particularly susceptible to be p-type doped by surface
transfer doping. Therefore, MoO; and tetrafluoro-tetracyano-
quinodimethane (F4-TCNQ), which have large EAs (6.7 eV’
and 5.2 eV,* respectively) in contrast to the NEA of cBN:H,
were employed as surface acceptors to achieve p-type
conduction on c¢BN films. The variations in the surface
conductivity of ¢BN films induced by MoO; and F4-TCNQ
layers were studied comparatively, and electronic structures at
the surface of pristine ¢cBN:H films and the MoO;/cBN and
F4-TCNQ/cBN interfaces were deduced to further illustrate
the electron transfer and formation of interface dipoles.

B EXPERIMENTAL PROCEDURES

The ¢BN films employed in this work were deposited in an ASTeX
electron cyclotron resonance microwave plasma CVD (ECR MPCVD)
system, and the experimental details have been reported else-
where.**** The substrates for BN growth were diamond films
coated Si wafers. The phase purity and the morphology of ¢cBN films
were characterized by Fourier transform infrared spectroscopy (FTIR)
and scanning electron microscope (SEM), respectively.

Before the deposition of surface dopants, cBN films were pretreated
by microwave hydrogen (H)-plasma at 800 °C and annealed at 400 °C
at 1 X 107 Torr to obtain a hydrogenated surface with NEA.>**® For
measuring the surface conductivity of cBN films, patterned electrodes
of 1 X 1 mm?® Au squares spaced by 50 ym from each other were
thermally evaporated on the specimens. MoO; and F4-TCNQ_ were
then thermally evaporated onto the cBN films with a thickness of 10
nm. The surface conductivity was determined by the current—voltage
(I-V) characteristics between two adjacent contacts with an applied
voltage from —10 to 10 V. Two control experiments were performed
on the as-grown cBN films (without any H-plasma pretreatment) and
a thermal SiO, layer on Si substrate.

The electronic structures at the MoO;/cBN and F4-TCNQ/cBN
interfaces were probed by photoemission spectroscopy (PES)
measurements, including ultraviolet photoemission spectroscopy
(UPS) and X-ray photoemission spectroscopy (XPS). The measure-
ments were carried out in a VG ESCALAB 220i-XL UHV surface
analysis system with a base pressure of 1 X 107'° Torr. A He-discharge
lamp (21.22 eV) and a monochromatic Al Ka X-ray (1486.6 V)
sources were equipped for UPS and XPS respectively. The
instrumental energy resolution is 0.09 eV as estimated from the
Fermi edge of a cleaned Au film. The samples were negatively biased at
5.0 V with respect to ground to overcome the work function difference
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between the analyzer and the samples. The Fermi edge was calibrated
from a UPS spectrum using cleaned Au substrate. MoO; or F4-TCNQ
was thermally evaporated onto cBN surface in a deposition chamber
connected with the analysis system. The thickness was detected by a
quartz crystal monitor installed in the deposition chamber. The XPS
and UPS spectra were in situ acquired without breaking the vacuum
after each evaporation step. The final thicknesses of MoO; and F4-
TCNQ coatings were 20 and 5 nm, respectively.

B RESULTS AND DISCUSSION

Figure 1 shows the cross-sectional SEM image of a typical cBN
film with the thickness around 500 nm. The sharp peak at 1076
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Figure 1. Cross-sectional SEM image of a ¢BN film on diamond

coated silicon substrate. The corresponding FTIR spectrum in the
inset indicates the high phase purity of the film.

cm™! in the FTIR spectrum (the inset in Figure 1) is assigned
to the transverse optical phonon mode of ¢BN, indicating the
high phase purity of the film.” The deposition with fluorine-
assisted CVD yields ¢cBN films with higher crystallinity and
much less defects than cBN produced by PVD techniques using
relatively large bias for growth,*' and the employment of
diamond substrates enables the direct/epitaxial growth of cBN
without any noncubic BN (turbostratic BN and amorphous
BN) interlayer,® which are essential for the preparation of high-
quality ¢cBN films for electronic applications. Furthermore, the
noncubic BN layer, which commonly existed on the surface of
BN films prepared by PVD methods,*** was not observed
here. A surface with pure cubic phase is essential for this study
because the influences of noncubic phase BN impurities on the
surface electronic structures have to be excluded.

Different from hydrogenated diamond, the ¢BN:H films did
not show observable enhanced conductivity in air. However,
after the deposition of MoO; and F4-TCNQ layers, the surface
resistance of ¢cBN:H films decreased significantly. Figure 2
shows the representative I—V characteristics measured before
and after the deposition of surface dopants. The linear curves
indicated the Ohmic contact between Au electrodes and cBN
films. From the I-V curves, the surface resistance decreased by
3—4 orders after the deposition of MoOj;, and decreased even
more by 4—6 orders for the samples coated with F4-TCNQ.
Two control experiments were performed on the as-grown cBN
films without any pretreatment and a thermal SiO, layer on Si
substrate. Neither F4-TCNQ_nor MoOj coatings could give
any rise to the measured current.

The ¢BN films used for XPS and UPS measurements were
grown on B-doped diamond coated Si substrates and Si ion
implantation was employed to dope the ¢BN films.'® A
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Figure 2. I-V characteristics acquired from the surface of pristine
¢BN:H film and after the deposition of 10 nm thick MoO; and F4-
TCNQ layers.

programmed implantation process using sequential ion energies
of 20 to 60 keV was carried out and the total dose was 2.5 X
10" cm™. The BN films were annealed at 1200 °C for S min
after the ion implantation. The details about ion implantation
process can be found elsewhere.**** The resulting modest bulk
conductivity enables to eliminate the charging effect during
XPS and UPS measurements. The increasing intensities of Mo
3d/3p and F 1s core levels were clearly resolved in the
thickness dependent XPS survey spectra (spectra not shown
here), corresponding to the accumulated coverages of MoO,
and F4-TCNQ.

Figure 3 shows the high-resolution XPS spectra of core levels
acquired as a function of MoO; or F4-TCNQ_thicknesses. As
presented in Figure 3a, b, the B 1s peak moved toward lower
binding energy after MoO; or F4-TCNQ_ were deposited on

the surfaces of ¢cBN films. The amplitudes of shift increased
with the increase of dopant layer thickness, and finally saturated
at 0.4 and 0.6 eV as the thicknesses of MoO; and F4-TCNQ
layers were over 10 and 2 nm, respectively. Moreover, because
the BN stoichiometry at the surface may affect the electronic
structure and conductivity of cBN films,'"'* we also detected
B/N ratio by XPS in this study and revealed that it maintained
unchanged after the depositions of MoO; and F4-TCNQ
coatings. Therefore, the observed decrease in binding energy in
the XPS spectra suggested the energy decrease in the valence
band (VB) of cBN with respect to Ep, ie., an upward band
bending toward the ¢BN surface. The band bending agreed
with the hole accumulation and the resulting built-in potential
at the surface of cBN, implying the electron transfer from the
VB of cBN to the conduction band (CB) of MoO; or to the
lowest unoccupied molecular orbital (LUMO) of F4-TCNQ.
The holes left in the VB of cBN led to the elevated conductivity
at the surface region of ¢BN films, as revealed in the I-V
measurements. Thus, the transfer of electrons from cBN films
to surface acceptors and the enhanced surface conductivity
verified the effective p-type surface transfer doping of cBN
films.

Further deposition of MoO; or F4-TCNQ with thicknesses
over 10 and 2 nm, respectively, did not induce further shift of B
Is peak, which suggested that the Fermi levels of ¢cBN and
surface dopants reached equilibrium. Similar shifts were also
observed for the N 1s core levels in XPS spectra upon the
incremental deposition of MoO; and F4-TCNQ_(spectra not
shown here). Because of the strong dielectric screening effect of
organic molecules,* F4-TCNQ-coated ¢BN exhibited larger
band bending and higher surface conductivity as compared with
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Figure 3. XPS spectra of B 1s core level as a function of (a) MoOj; and (b) F4-TCNQ thickness. The XPS spectra of (c) Mo 3d and (d) F Is as a

function of thicknesses of MoO; and F4-TCNQ, respectively.
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Figure 4. Evolution of (a) work function and (b) VB edge with the increasing coverage of MoOj; layer on the cBN film. The evolution of (c) work
function and (d) VB edge with the increasing coverage of F4-TCNQ layer on the cBN film. The inset in b is the enlarged view of the VB edge of the
pristine cBN, and the inset in d presents the enlarged VB edge of pristine ¢cBN and HOMO edge of F4-TCNQ with the thickness of 5 nm.
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peaks and the increase in work function as a function of F4-TCNQ_thickness.

MoOj; coated ¢BN films, suggesting more electrons and holes
accumulated at the cBN surface, i.e., a higher doping efficiency
of F4-TCNQ. The thickness-dependent high-resolution spectra
of Mo 3d and F 1s core levels are shown in Figure 3¢, d,
respectively. The F 1s peak downshifted more significantly with
increasing F4-TCNQ_thickness, indicating the energy decrease
of the highest occupied molecular orbital (HOMO) with
regards to Ef, i.e, a downward band bending toward the cBN
surface in the F4-TCNQ_ coating. In contrast, there was no
observable band bending in MoOj; coatings as seen in Figure
3c.

The series UPS measurements could give a clear view of the
electronic structures at the MoO;/cBN and F4-TCNQ/cBN
interfaces. Figure 4 shows the thickness-dependent UPS spectra
presenting the evolution of work function and VB at the
MoO;/cBN and F4-TCNQ/cBN interfaces with the incre-
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mental deposition of MoO; and F4-TCNQ. The secondary-
electron cutoff regions in the UPS spectra are shown in Figure
4a, c for MoO; and F4-TCNQ _coatings, respectively. The work
function could be calculated by the equation ¢ = hv — Eggc,
where hv is 21.22 eV, and Eg is the secondary electron cutoff,
which gives the position of vacuum level. For the pristine cBN
film, the work function was 2.1 + 0.09 eV. With the increasing
thicknesses of MoO; and F4-TCNQ, the Egg( shifted to lower
binding energy which indicated an increase of work function
after the deposition of surface dopants. The Eggc shifted by 3.9
eV as the MoOj thickness was 20 nm, and for a $ nm thick F4-
TCNQ layer it shifted by 1.9 eV, which corresponded to the
work functions of MoOj; (6.0 + 0.09 eV) and F4-TCNQ (4.1 +
0.09 eV), respectively. Figure 4b, d show the evolution of VB
regions with the increasing MoO; and F4-TCNQ_thicknesses.
For the pristine ¢cBN film, the onset of VB peak edge was at 3.6
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+ 0.09 eV, as depicted in the enlarged plots in Figure 4b, d,
illustrating that the VB maximum (VBM) of cBN films located
at 3.6 + 0.09 eV below Eg. The results agree well with the n-
type characteristics of Si-doped ¢BN film with reference to the
band gap of ¢BN films (6.4 eV).* As shown in Figure 4b,
deposition of 0.1 nm thick MoO; layer initiated a clear
downshift of VB edge, being consistent with the XPS analysis
that bands bended upward at the cBN surface. Subsequent
deposition led to the further shift of VB edge. In this case, the
VB of ¢BN could not be resolved from the UPS spectra, thus
the VB shift (band bending) of cBN surface had to be
estimated by the shift of B 1s core level in XPS spectra. As the
thickness of MoOj; reached 20 nm, the VB peak of MoO;
centered at 4 eV emerged, and the gap state of MoOj; due to
the oxygen deficiency was also observed at around 2.0 eV.*"**
The VB edge at 2.9 &+ 0.09 eV attributed to MoO; could be
obtained, which agreed with the previous studies on MoO;.*
As presented in Figure 4d, the similar evolution of VB region
upon the deposition of F4-TCNQ was revealed. The HOMO
edge of F4-TCNQ at 2.7 + 0.09 eV could be resolved as a 5 nm
thick F4-TCNQ_layer was coated, being consistent with the
reported measurements of F4-TCNQ.**

The interfacial charge separation during the surface transfer
doping will induce the interface dipole,so which in addition to
the band bending also contributes to the change of work
function. Thus, the interface dipole can be derived by deducting
the band bending from the change of work function. As shown
in Figure S5a, the increase in work function at MoO;/cBN
interface is plotted as a function of the thickness of MoOj. The
shifts in ¢BN B 1s peak, which indicate the band bending in
cBN are also presented. As seen in the figure, the change of
work function is much larger than the shift of cBN B 1s, and the
difference enlarges gradually with the increasing MoO;
coverage and reaches a maximum of 3.55 eV for 20 nm thick
MoO; because of the formation of interface dipoles. For the
F4-TCNQ coating, the shifts of cBN B 1s and F s peaks are
plotted together with the increase of work function in Figure
Sb. The dipoles at F4-TCNQ/cBN interface could be deduced
to be 0.4 eV when a 5 nm F4-TCNQ layer was deposited. The
much larger interface dipole at MoO;/cBN interface is due to
the higher EA of MoOj as compared to that of F4-TCNQ.

On the basis of the PES results, the schematic energy level
diagrams before and after the deposition of surface dopants
were determined. The band gaps, ionization potentials (IPs)
and EAs of MoOj; and F4-TCNQ were referred to previous
studies,”**”*! and the band diagram of cBN films was plotted
based on its band gap of 6.4 eV.*® As seen in Figure 63, ¢, the
CB minimum (CBM) of ¢BN films was deduced to lie 0.7 eV
above the vacuum level (Ey,c), which verifies the NEA
characteristics of ¢cBN:H surfaces. Due to the large EA of
MoO;, the VBM of cBN lies about 1 eV above the CBM of
MoOs; as referenced to a common Ey,c before the deposition.
The energy difference drives the electrons to flow from the VB
of ¢cBN to the CB of MoO; upon the their contact until the
equilibrium is reached, which results in the upward band
bending with hole accumulation in ¢BN (Figure 6b). For the
F4-TCNQ_ coating (Figure 6c), the higher E; of ¢BN also
makes electrons transferred from the VB of ¢cBN to the LUMO
of F4-TCNQ, even a small activation barrier exists. As shown in
Figure 6d, the LUMO of F4-TCNQ lies below the pinned Eg. at
its surface because of the band bending in F4-TCNQ, which
leads to a strong interaction between ¢BN and F4-TCNQ.
Thus, as compared with the case of MoO;, more electrons were
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Figure 6. Energy band diagrams before and after the deposition of (a,
b) MoO; and (¢, d) F4&-TCNQ, illustrating the surface transfer doping
process on cBN:H films. WF represents work function.

transferred to F4-TCNQ and more holes were accumulated at
cBN surface. As a result, higher doping efficiency was achieved
by using F4-TCNQ. However, considering the thermal and
chemical stabilities of these two dopants, MoO; may be more
attractive in practical applications. Moreover, the low work
functions we obtained in this work for MoO; and F4-TCNQ
(Figure 6b, d) are lower than the previous reports,”**’ which
may be due to the different molecular orientations of F4-
TCNQ'®** and the thermal reduction of MoO; molecules.*’

B CONCLUSIONS

In conclusion, we have demonstrated effective p-type surface
transfer doping of ¢cBN:H films by employing MoO; and F4-
TCNQ_as the surface dopants. The surface conductivity of cBN
films was enhanced by 3—6 orders in magnification. The PES
measurements verified that the large EA difference between
cBN and surface dopants drove the electrons to transfer from
cBN films to surface acceptors upon their contact. The
electronic structures at interfaces were depicted on the basis
of the PES results. The interface dipoles and the increase in
work function at MoO;/cBN interface were more significant
than that of F4-TCNQ/cBN interface. However, F4-TCNQ
was demonstrated to have higher doping efficiency for cBN
films. The work provided a new approach to controlling the
surface electrical properties of ¢BN films, which may be
favorable for the development of cBN-based electronic devices,
especially on micrometer- and nanometer-scales.
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