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Doping of semiconductors is conventionally achieved by incor-
porating dopants into the host semiconductor lattice. Recently, a
novel p-type surface transfer doping by transferring electrons from
a semiconductor to surface “dopants” has been proposed for the
fabrication of nanoscale planar doped electronic devices.1-6 On
hydrogenated diamond, the surface transfer doping model was used
to explain the occurrence of high surface conductivity when
diamond is exposed to atmosphere6 or deposited with fullerenes.1-2

However, no direct measurement of charge transfer between
diamond and its surface adsorbates has been reported so far. In
addition, characterizations of electronic structures at the interface,
which are crucial for both fundamental understanding and device
application, are still lacking. Here, we unambiguously demonstrate
p-type surface transfer doping of hydrogenated diamond (100) by
the molecular electron acceptor, tetrafluoro-tetracyanoquinodimethane
(F4-TCNQ). The interface electronic structure and energy level
alignment are also determined.

It is well-known that the negative electron affinity of hydroge-
nated diamond leads, in spite of its large band gap (5.47 eV), to an
exceptionally low ionization potential (IP).7 Because of its strong
electron accepting nature (reported electron affinity (EA) of 5.24
eV),8 F4-TCNQ is widely used for controlled p doping in hole
transporting organic layers8-11 or as an optimizer to tune the hole-
injection barrier at organic-metal interfaces.12 Therefore, F4-TCNQ
on diamond is an excellent test bed to examine surface transfer
doping, since the diamond valence band maximum (VBM) lies
above the lowest unoccupied state (LUMO) of F4-TCNQ, thereby
favoring electron transfer from diamond to F4-TCNQ molecules.

The charge transfer at the F4-TCNQ/diamond interface was
monitored by synchrotron-based photoemission spectroscopy (PES).
Details of the sample preparation and experimental setup can be
found in the Supporting Information. PES spectra of N 1s evolution
with increasing nominal thickness of F4-TCNQ is shown in Figure
1a. Initial deposition up to 0.5 Å leads to the formation of a
pronounced peak at 397.50 eV (N-1) and a broad component at
higher binding energy (BE). At 1.0 Å nominal thickness, the higher
BE peak (N-2, 398.90 eV) becomes stronger than N-1. Further
deposition results in a continuous increase in N-2 peak intensity
and a decrease of N-1. In comparison with F4-TCNQ on Au,12 we
assign the higher BE peak N-2 to neutral F4-TCNQ (in multilayers)
and the lower BE peak N-1 to anion molecules in direct contact
with diamond with their CtN groups extracting electrons from
diamond.13,14 Peak N-S centered at 2.60 eV higher BE than peak
N-2 is attributed to shakeup processes.13 The loss of electrons
(accumulation of holes) in the diamond surface region is further
corroborated by the C 1s spectra shown in Figure 1b. A substantial
shift (0.65 eV) of the diamond peak to lower BE is immediately

observed at the initial nominal thickness of 0.2 Å. This shift
continues to increase with subsequent deposition and saturates at
0.80 eV at the nominal thickness of 1.0 Å. This indicates an upward
band bending of 0.80( 0.05 eV at the diamond surface region,
resulting from hole accumulation to balance the negatively charged
anion molecules.15 Further deposition leads to virtually no change
of the diamond peak position, and three new components (C-1,
C-2, and C-S) related to carbon atoms in F4-TCNQ can be clearly
resolved after several molecular layers are formed. C-S, similar to
N-S, is also related to shakeup processes.13 The appearance of the
anion F4-TCNQ interlayer species, together with the upward band
bending inside diamond, clearly reveals electron transfer from
diamond to surface acceptors, or p-type surface transfer doping.

Figure 2a shows the evolution of valence band spectra of
hydrogenated diamond with increasing F4-TCNQ thickness. After
the initial deposition of 0.2 Å, a rigid shift of 0.65 eV toward lower
BE of the diamond features can be observed, consistent with that
of the diamond C 1s peak (Figure 1b) and thus is attributed to the
upward band bending. Further deposition leads to an overall
attenuation of the diamond features and the emergence of several
new features originating from F4-TCNQ at the higher BE region.
At the nominal thickness of 11.4 Å, various orbitals of F4-TCNQ
can be clearly resolved, with the highest occupied molecular orbital
(HOMO) peak at 3.20( 0.05 eV and its edge at 2.54( 0.05 eV,
consistent with previous measurements of F4-TCNQ on Au.8 After
deposition of 0.5 Å, a close-up of the region near the Fermi level
in Figure 2b reveals additional shoulders centered at around 0.4
and 1.4 eV and clearly seen in the difference spectrum after
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Figure 1. (a) N 1s XPS spectra (photon energy, 500 eV) and (b) C 1s
XPS spectra (photon energy, 350 eV) of F4-TCNQ on diamond with
increasing thickness. C 1s spectra are all normalized to the same diamond
peak intensity for better viewing.
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subtracting the diamond contribution (bottom spectrum in Figure
2b). These two gap states were previously observed when F4-TCNQ
formed a charge-transfer complex on a Au surface12 and were
attributed to the relaxed HOMO (higher BE) and partially filled
LUMO (lower BE) of the anion molecules, respectively.16,17 The
intensity of these two peaks is reduced after the deposition of
multilayers (top spectrum in Figure 2b), where molecules are in
their neutral state.

Another consequence of the charge transfer at the interface is
the formation of an interface dipole,18 which is indicated by the
sudden increase of work function after initial deposition of 0.2 Å
as shown in Figure 2c. However, it should be noted that the increase
in work function after F4-TCNQ deposition should also incorporate
contribution from the band bending in the diamond surface. To
separate the interface dipole contribution, the increase in work
function is plotted together with the shift of the diamond C 1s peak
as a function of F4-TCNQ nominal thickness (Figure 2d). Through-
out the deposition, the change of work function is substantially
larger than the C 1s shift of the diamond peak, and the difference
between them gradually enlarges with increasing thickness and
reaches a maximum of 0.6 eV, which is due to the interface dipole.

With the knowledge of the electronic structures at the F4-TCNQ/
diamond interface, we are now able to sketch the energy level
alignment diagram before (Figure 3a) and after F4-TCNQ deposition
(Figure 3b). Once the contact is formed, electrons flow from the
diamond valence band to the F4-TCNQ side until equilibrium is
reached (Figure 3b). This surface transfer doping process is so
efficient that the diamond VBM is moved 0.2 eV above the Fermi
level at the diamond surface region. According to Poisson’s equation
and Fermi statistics (see Supporting Information for calculation
details),3 the hole areal density in diamond can be estimated to be
about 1.6× 1013 cm-2, which is substantially larger than the

intrinsic boron doping level of the diamond sample (around 1010

cm-2), and is comparable to maximum hole density achieved by
Strobel et al. using C60F48.

2

In conclusion, we have unambiguously demonstrated a control-
lable surface transfer doping of hydrogenated diamond by the
adsorption of F4-TCNQ molecules. A high areal density of holes
in diamond of about 1.6× 1013 cm-2 is formed. The results give
us a better understanding of the electronic structure changes at the
interface owing to surface transfer doping. This will pave the way
for better selection of organic molecular acceptors to control the
surface conductivity of semiconductors.
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Figure 2. (a) UPS spectra (photon energy, 60 eV) of pristine hydrogenated
diamond and after F4-TCNQ deposition of increasing thickness; (b) near
the EF region of the UPS spectra; (c) secondary electron cutoff of
hydrogenated diamond with increasing F4-TCNQ thickness, indicating the
work function change; (d) diamond C 1s peak shift and work function
change as function of F4-TCNQ thickness.

Figure 3. Energy level diagram of (a) before deposition of F4-TCNQ,Eg

and EA of F4-TCNQ are taken from ref 8 and (b) after deposition of F4-
TCNQ (20 Å). LUMO′ and HOMO′ are the two gap states of the anion
F4-TCNQ molecules at the interface. The position of LUMO is obtained
by adding a band gap of 3.10 eV to the HOMO position. Determination of
diamond’sEV position, NEA, and the IP of F4-TCNQ are described in
Supporting Information.
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