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Surface sensitive Cls core level photoelectron spectroscopy was used to examine the electronic prop-
erties of CgoF4g3 molecules on the C(100):H surface. An upward band bending of 0.74 eV in response
to surface transfer doping by fluorofullerene molecules is measured. Two distinct molecular charge
states of CgoFyg are identified and their relative concentration determined as a function of coverage.
One corresponds to ionized molecules that participate in surface charge transfer and the other to
neutral molecules that do not. The position of the lowest unoccupied molecular orbital of neutral
CeoF4s which is the relevant acceptor level for transfer doping lies initially 0.6 eV below the valence
band maximum and shifts upwards in the course of transfer doping by up to 0.43 eV due to a doping
induced surface dipole. This upward shift in conjunction with the band bending determines the occu-
pation of the acceptor level and limits the ultimately achievable hole concentration with CgoFaus as a
surface acceptor to values close to 10'* cm~2 as reported in the literature. © 2012 American Institute

of Physics. [http://dx.doi.org/10.1063/1.3695643]

. INTRODUCTION

Diamond with a bandgap of 5.47 eV is an insulating
material when undoped. However, the diamond surface ex-
hibits interesting functional properties when terminated with
hydrogen. The C-H bond at the terminated surface creates a
dipole layer which induces a negative electron affinity (EA)
of up to —1.3 eV and lowers the ionization potential from
5.8 eV to as low as 4.2 eV, lower than that of any known
semiconductor.! As a consequence, electron transfer from the
valence band of diamond into the lowest unoccupied molec-
ular orbital (LUMO) of an appropriate adsorbate is possible,
thereby providing a mechanism for the formation of a sub-
surface hole accumulation layer. The surface transfer dop-
ing model was used by Maier et al. to explain successfully
the formation of p-type surface conductivity (SC) when the
H-terminated diamond surface is exposed to ambient condi-
tions. Here, the doping relies on the electrochemical redox
reaction between a thin adsorbed water layer and the dia-
mond surface.” Strobel et al. demonstrated that p-type sur-
face doping of diamond could also be achieved with fullerene
(C¢p) and fluorofullerenes (FFs, CgoFx, x = 18, 36, 48) as sur-
face acceptors where doping is achieved by the transfer of an
electron to the LUMO of CgF,.>* The introduction of the
strongly electronegative fluorine atoms induces a large elec-
tron affinity in the fluorofullerenes, allowing an electron-hole
pair for each CgoFy acceptor and hence a doping efficiency of
one because the activation energy is initially negative. How-
ever, the doping efficiency drops to zero above a critical FF
coverage and that limits the ultimate hole concentration and
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thus achievable surface conductivity. The hole concentration
at saturation differs for the different FFs and appears to scale
with the electron affinity of the FF; with p ~ 1013 cm~2 at
its highest for CgyFsg which in vapour form has an EA of
4.06 eV, higher than any of the other FFs. Significant
progress has been made in characterising the electronic
properties of the diamond surface and the underlying two-
dimensional hole accumulation layer.®

Air-induced p-type SC on diamond has led to the de-
velopment of metal-semiconductor field effect transistors
(FET),'? and more recently solution gated FET (Ref. 11) that
utilise this surface accumulation layer. The development of
devices using molecules as surface acceptors is in its infancy
by comparison. However, there is a potentially wide choice
of molecular systems with properties that can be systemati-
cally modified to introduce functional properties in addition
to being acceptors. While the response of diamond to sur-
face transfer doping has been extensively studied, little atten-
tion has been paid to the properties of the surface molecules
on H-terminated diamond and the effect of charge transfer
on their energy level structure. Knowledge of the electronic
behaviour of the molecular acceptors is of fundamental im-
portance to understanding, for example, the limitations to
achieving higher hole sheet densities in the underlying p-type
layer and to the selection and design of alternative molecular
acceptors.

In this paper we specifically address the question of what
factors determine the ultimate achievable hole concentration,
or in other words, what makes the doping efficiency drop to
zero above a certain acceptor coverage and how does that
depend on the electronic level scheme of acceptor molecules
and diamond. The acceptor we use is CgoFsg on C(100):H

© 2012 American Institute of Physics
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and the main investigation tool is core-level photoelectron
spectroscopy (PES) using synchrotron radiation. The surface
sensitivity of this technique, combined with high energy
resolution, permits for the first time the identification of two
distinct CgoFag charge states, corresponding to ionized and
neutral fluorofullerene molecules. An increase in the energy
of the LUMO of the neutral CgyFyg, arising from an induced
potential at the diamond-fluorofullerene interface, limits the
maximum achievable hole sheet density whereupon further
deposited fluorofullerenes no longer participate in surface
transfer doping.

Il. EXPERIMENTAL DETAILS

Experiments were performed using a boron-doped (100)
single crystal synthetic IIb diamond sample with a boron con-
centration of 5 x 10" to 5 x 10" cm™3.!> Using the en-
ergy of the boron acceptor (373 meV) and the boron concen-
tration, the Fermi level position in the bulk is calculated to
lie between 0.19 and 0.21 eV above the valence band max-
imum (VBM). The sample was cleaned by boiling in acid
(H,SO4/HCLO4/HNOs3; 1:1:1) in order to remove metallic
contamination and non-diamond carbon phases. Hydrogen
termination was performed in microwave hydrogen plasma
at a sample temperature of 800 °C for 45 min. The sample
was exposed to air before being transferred to ultra-high vac-
uum (10~'° mbar) at the soft x-ray beamline of the Australian
Synchrotron, where subsequent processing and PES measure-
ments were performed. The sample was annealed in vacuo to
550 °C for 1 h prior to PES measurements to remove airborne
hydrocarbon contamination and any air-induced surface con-
ductivity without impairing the hydrogen termination.

Cls core level spectra were measured with an overall en-
ergy resolution of ~0.1 eV at normal emission using a pho-
ton energy hw = 330 eV in order to maximize surface sen-
sitivity. At this photon energy the kinetic energy of the Cls
photoelectrons is about 45 eV, i.e., at the minimum of the
electron escape depth. The binding energy (BE) scale is ref-
erenced to the Fermi energy Er by setting the BE of the 4f7,
core level of a gold (Au) sample in electrical contact with the
diamond to a value of 84.00 eV. CgoF4s adlayers were de-
posited by sublimation from a quartz crucible and using a
quartz-crystal monitor as a guide to deposition rate. CgoFag
coverage was accurately determined from the Cls spectra us-
ing the method adopted by Strobel et al. by assuming that for
hw = 330 eV the mean free path of the Cls photoelectrons
is 3.5 A.* A coverage of one monolayer (ML) corresponds to
7.80 x 10'3 CgyFug molecules/cm?. Photoemission measure-
ments were performed on the pristine C(100):H surface and
with CgoFag coverages ranging from 0.002 ML to 1 ML. Ex-
periments determining the extent of damage to CgoFys arising
from exposure to synchrotron radiation have been reported by
us in Ref. 13. For extended beam exposure CgyFag dissociates
by a flux of secondary electrons from the underlying diamond
and the released F atoms lead to the formation of a fluorine-
terminated surface by replacing C—H with C-F bonds. In the
present study each Cls core-level spectrum took 150 s to col-
lect and a different region of the surface was analysed for
each coverage to minimise dissociation. After the spectra for
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a particular coverage were taken, the sample was annealed at
350 °C for 30 min to remove the irradiated adlayer prior to a
subsequent deposition.

After subtracting a background using the Shirley
method'* the Cls spectra were fitted with a Voigt function
where the Lorentz width I' was fixed at 0.15 eV to reflect
the lifetime of the Cls core hole."> Shifts in Eg at the sur-
face were determined with an uncertainty of 0.02 eV by the
measured shift in the diamond bulk component. By using the
fixed energy separation of the VBM to the Cls core level of
283.9 £ 0.1eV as reported by Maier et al. the position of Ep
relative to Eygy has been determined.!® The change in Fermi
level position so obtained was corrected to account for the
convolution of the Cls line with the band profile at high hole
sheet densities as reported by us in Ref. 17. The highest cor-
rection amounts to 0.10 eV.

lll. RESULTS

Figure 1 gives a series of Cls spectra together with the
fitted components for: (a) clean H-terminated diamond and
(b)—(f) increasing CgoFass coverage. There are two distinct
groups of Cls lines. The group around 284 eV binding energy
stems from bulk diamond and the C—H and C-Hy surface en-
tities that are chemically shifted to higher binding energies by
0.25 eV and 0.58 eV, respectively. The position of the C—H
peak and its identification is presented in Ref. 18. The wide
group between 286 and 290 eV is due to carbon atoms in the
fluorinated fullerenes. The spectral region at lower binding
energy, labelled C=C, is due to carbon atoms surrounded
by carbon only, whereas the higher BE region represents
carbon atoms that have one fluorine (F) atom attached to
them; the two regions are separated by 2.07 eV £ 0.05 eV.
The binding energies of the diamond bulk and fluorofullerene
line components and their relative intensities are listed in
Table I for the spectra shown in Fig. 1. For coverages of
0.088 ML and above the C=C and C-F lines require two
distinct components for a proper fit (labelled C=C, (C=C)~
and C-F, (C-F)~, respectively, in Fig. 1). That indicates the
presence of two distinct molecular charge states, the origin
of which will be discussed below. At coverages exceeding
0.503 ML additional components with low intensity (labelled
C=C, and C-F,) are included and arise from the dissociation
of fluorine for cases where the fluorofullerene coverage is
high. These lines need not concern us here and play no part
in the following discussion.

IV. DISCUSSION
A. Surface band bending

The variation in Er — Eygy at the surface as a function
of CgoF4s coverage is shown in Fig. 2. Starting from a po-
sition slightly above the bulk Fermi level position (0.4 vs.
0.2 eV) Er moves rapidly towards Eygym and drops below
Evygwm for coverages in excess of about 0.02 ML. This is equiv-
alent to a corresponding upward band bending and a clear sign
of the formation of the hole accumulation layer at the dia-
mond surface. A maximum shift in Er of 0.74 eV is observed
at 0.503 ML coverage. At this point Ep resides 0.35 eV below
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FIG. 1. Cls spectra taken at 330 eV for: (a) clean H-terminated diamond and
(b)—(f) selected CgoFag coverage between 0.066 ML and 1.0 ML.

the VBM whereupon the Fermi level no longer changes for
further CgoFag deposition. At low coverage, the Fermi level
shift in response to CgpFsg deposition follows the same trend
as reported in Refs. 17 and 19, with the final position of Eg —
Evpm around ~0.2 eV higher than previously measured.

J. Chem. Phys. 136, 124701 (2012)

B. Identification of neutral and ionized
fluorofullerene molecules

Turning now to the Cls spectra of the fluorofullerenes
shown in Fig. 1, the remarkable aspect is the fact that both
the C=C and C-F groups consist of two distinct compo-
nents clearly separated in binding energy by about 0.6 eV
and whose relative intensities are the same in both spec-
tral regions. In other words, there appear to be two chemi-
cally different groups of CeoFsg molecules on the surface of
hydrogen-terminated diamond. These we interpret as neutral
(A) and ionized (A™) CgoF4g acceptors with concentrations Ny
and N4—, respectively. The Cls lines at lower binding en-
ergy correspond to the ionized fluorofullerenes because the
extra charge lowers all binding energies on account of the ad-
ditional Coulomb repulsion. This interpretation is confirmed
by studying the C=C and C-F groups of CgFss molecules
on the oxygen-terminated diamond surface as shown in
Fig. 3. Oxygen-terminated diamond has a large positive elec-
tron affinity'® that prevents surface transfer doping, mean-
ing that only neutral CgoF4g molecules will be present on the
oxygen-terminated diamond surface. This is shown in Fig. 3
where only one component is needed to fit the C=C and
C-F groups, confirming our interpretation of ionized and neu-
tral CeoF4g3 molecules on the hydrogen-terminated diamond
surface.

Figure 4 shows the fractional concentration of the ion-
ized CgoFgyg. It is evident that at low coverage Ny~ domi-
nates and at high coverage Ns. The changeover point occurs
between 0.1 ML and 0.3 ML. That suggests that what we
see in Fig. 4 is the changeover from mainly ionized CegpFyg,
i.e., doping molecules below 0.1 ML to an increasing con-
tribution of non-doping neutral CgoF4g for higher coverages.
Above 0.5 ML, further deposited CgoFsg no longer partici-
pates in surface transfer doping. This interpretation is in ac-
cord with that of Strobel et al. who observed a saturation
in the fluorofullerene induced hole concentration at about
0.2 ML.* The difference in binding energy of the two
species is listed in Table I and is seen to remain constant at
0.58 £ 0.07 eV. There is some scatter in the difference de-
pending on coverage but not in a way that lends itself to fur-
ther interpretation. We shall focus now on the Cls energies of
the doping component in the C=C part of the spectrum (the
(C=C)~ component) because it is well defined in all spectra
and all other components are linked to it by constant energy
differences.

When we turn to the variation in the Cls binding energies
of the doping (C=C)~ component, the intention is to learn
something about the level alignment between diamond and
the doping fluorofullerenes as a function of coverage. The aim
is to understand the factors that limit the ultimate hole concen-
tration obtained by surface transfer doping diamond with flu-
orofullerene. The underlying assumption is that the relevant
LUMO level maintains a constant energy separation from the
C=C core level much as the justified assumption of a fixed
energy separation between the VBM and Cls core level in di-
amond enabled us to extract the surface band bending from
the variation in the diamond Cls energy relative to Er with
fluorofullerene coverage.
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TABLE I. Binding energy and relative intensity of the line components for selected CgoFag coverages.

CeoFag coverage Pristine 0.002 ML 0.066 ML 0.088 ML 0.338 ML 0.503 ML 1.000 ML
Diamond bulk

Position 284.29 eV 284.02 eV 283.81 eV 283.80 eV 283.69 eV 283.65 eV 283.65 eV
Area 214.577 194.093 114.166 135.173 54.496 35.138 9.202
C=C (ionized)

Position 287.30 eV 286.90 eV 286.85 eV 286.56 eV 286.4 eV 286.4 eV
Area 2.489 4.074 6.029 7.748 5.363
C=C (neutral)

Position 287.35eV 287.22 eV 287.13 eV 286.85 eV
Area 1.200 10.676 15.945 27.058
C-F (ionized)

Position 289.40 eV 288.90 eV 288.85 eV 288.59 eV 288.45 eV 288.45eV
Area 1.242 21.018 25.946 25.909 28.586 19.238
C-F (neutral)

Position 289.35 eV 289.25eV 289.18 eV 288.9 eV
Area 7.509 46.057 58.083 97.700

In principal, there are two possibilities discussed in the
literature for the alignment of substrate and overlayer levels
involving organic molecules. One is Fermi level alignment
and the other is the pinning of the adlayer molecular orbitals
to a fixed energy relative to the energies of the substrate.?%!
For the case of a metal both schemes would give the same
result because the Fermi level in a metal is fixed relative to
all other metal energies. For semiconductors or insulators as
in the case at hand the situation is quite different. The Fermi
level is not fixed relative to the energy levels of the semicon-
ductor such as the VBM and conduction band minimum due
to doping and band bending as we have seen above. There-
fore, in order to decide which situation holds in the present
case we have plotted, as a function of coverage, the BE of
the doping (C=C)~ component relative to Er and also rela-
tive to Eypym in Fig. 5. The binding energies relative to Ep are
taken directly from fits to the measured spectra as given in

C_F, . coverage (1013 molecules/cmz)

60 48
0.0 156 312 468 6.24 7.8

0.4} 1

EF—EVBM(eV)
o
o
——
/:
!

00 02 04 06 08 10
C_F,_ coverage (ML)

60 48

FIG. 2. Surface band bending (Er — Evgm) as a function of CgoF4g coverage.
The data points contain correction to the Cls binding energy as described
in the text. The error bars on the data points give the uncertainties in the
measured Fermi level shift; the large error bar on the dashed line reflects the
systematic uncertainty in the Eyvgm — Eci separation.

Table 1. By subtracting Er — Eypm (see Fig. 2) from these en-
ergies the (C=C)~ doping binding energies relative to Eygm
are obtained as well. It is evident from Fig. 5 that the (C=C)~
binding energy of the doping molecules is neither constant
relative to the Fermi level nor the VBM. By implication, that
also holds for the LUMO™ which is the ionised acceptor level
whereas we are really interested in the acceptor level, i.e., the
neutral LUMO. From Table I we know that the separation be-
tween the Cls core levels (and hence the LUMOs) of the an-
ion and the neutral molecule is fixed and amounts to 0.58 eV.
For a discussion of the variation in C=C or LUMO energy

02MLC_F

60" 48

0.5MLC_F

60 48

Intensity (arb. units)

Binding Energy (eV)

FIG. 3. Cls spectra taken at 330 eV for O-terminated diamond with 0.2 ML
and 0.5ML CgF4g coverages.



124701-5 Edmonds et al.

J. Chem. Phys. 136, 124701 (2012)

13 2
C,,F . coverage (10~ molecules/cm®)
0.0 1.56 342 4.68 6.24 7.8
1 0 L T ! T T T T T
09+ \o‘
| =
L |
0.8 -
0.7 -
=06} iy
"o o05f
pd
= 04} 7]
< 03] e
z 0. _
0.2+ \. 1
0.1}
00 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
C,,F 4 Coverage (ML)

FIG. 4. Relative intensities as a function of coverage of the two components:
doping (N 4-) and non-doping ( N4) that make up the C=C and C-F spectral
regions of the Cls spectrum of CggF4g on diamond.

we correct the energies of the doping molecules by 0.58 eV.
This circuitous way is chosen because for low coverages we
do not have reliable values for the non-doping C=C binding
energies.

With this approach we plot as squares in Fig. 6 A, the
change in the LUMO energy of the neutral fluorofullerenes
relative to Eypy as a function of CgoF4g coverage. In analogy
to the conventional doping in bulk semiconductors we refer to
A as the acceptor energy. The initial value is Ay = (ELymo —
Eypm) in the limit of vanishing coverage. From the data it is
apparent that our analysis yields an increase in the acceptor
energy of 0.19 eV after 0.1 ML coverage and a maximum
change of 0.43 eV at 0.5 ML after which A remains constant
as a function of coverage. This means that the acceptor energy
is now 0.43 eV higher than the initial value.

What is the origin of this substantial increase in the ac-
ceptor energy with increasing fluorofullerene coverage? In a
recent publication, we have shown that surface transfer dop-

13 2
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041 /
3 03} a ]
4O
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FIG. 6. The increase in acceptor energy A = Epymo — Evewm relative to the
initial value A as a function of coverage (open squares). Also plotted is the
variation in interface potential A® as calculated in the capacitor model (open
circles).

ing with CgoFyg is accompanied by a change in EA of dia-
mond of up to 0.63 eV.!” The origin of this increase in EA
lies in the dipole layer that forms between diamond and the
acceptor layer at the surface. In the course of transfer doping,
electrons are transferred from the diamond into surface ac-
ceptors, leaving an equal number of holes behind. The holes
are localized in the subsurface accumulation layer in diamond
and the electrons are separated from them by the distance
of closest approach between diamond and the centre of the
charge distribution in the acceptor layer. Connected with the
formation of the dipole layer is a potential drop, A®, that in
its most simple form is evaluated by the capacitor model A ®
= ep/Cn, where p and Cr are the areal charge density and
the capacitance of the charge-free region per unit area, respec-
tively, and e is the elementary charge. With this simple model
the variation in EA with carrier concentration could be well
accounted for by adopting a specific capacitance Cg = 3.25
x 108 ecm™ V=117

o
~
T
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FIG. 5. Binding energy of the (C=C)~ doping line as a function of CgoFag
coverage. Closed squares: relative to Er and open circles: relative to the VBM
of diamond.

Hole Density (cm'z)

FIG. 7. Er—Evygwm as a function of hole sheet density for atmosphere (closed
squares) and CgoFag (open circles) surface conductivity taken from the work
of Edmonds et al.'” The solid line is a polynomial fit of the data to obtain the
function w(p).
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In the present case, the hole sheet density can be
determined from the position of Er — Eypy in the present
work (Fig. 2) by comparison with our previous experimental
data of Er — EygMm as a function of hole density as shown in
Fig. 7.7 In order to facilitate the comparison we have fitted
a polynomial w(p) to the data as shown by the line in
Fig. 7. From the hole sheet densities estimated in this way
and the value for the capacitance, the change in potential
associated with the dipole layer is plotted as circles in Fig. 6.
Taking into account that these data points are derived using
experimental input from two different sources, the agreement
with the LUMO shift is excellent. The overall amplitude and
the general shape in the LUMO shift are matched well by
the model. Above 0.5 ML both the potential drop and the
acceptor energy no longer change. This is, of course, due
to the fact that the doping efficiency of CgoFyg is initially
equal to one with every fluorofullerene contributing one
electron-hole pair. Above about 0.4 ML coverage the relative
contribution of non-doping FF dominates and the increase in
the dipole levels off as does the surface conductivity. Hence,
the maximum possible hole concentration and therefore
surface conductivity is determined by a self-limiting process.
As more and more charge is transferred the acceptor energy
A = Eruymo — Evem increases by an amount that itself is
linearly related to the charge density. The two acceptor-
specific quantities that ultimately determine the achievable
hole density for a given temperature are the initial acceptor
energy Ao and the areal capacitance C of the charge-free
region separating holes and electrons.

C. Doping efficiency and initial activation energy Aq

As has been pointed out in the original work on transfer
doping of diamond by Strobel et al.** doping by fullerenes
is governed by Fermi-Dirac statistics and charge neutrality.
Hence, the areal hole density p and the areal density of nega-
tively charged CgoFsg molecules are equal and the occupation
of the acceptor molecules with one extra electron is given by
the Fermi-Dirac probability:

1 1

1 1
geXP[(Ea)/kBT] +1 Eexp[(ELUMO — Ep)/kpT]+1

(1)
with E, being the activation energy for charge transfer. Fol-
lowing Strobel et al. we write the activation energy

Erumo — Er = A — w(p) =ErLumo — Evem — (Er — Evam).
2
The acceptor energy A is itself doping dependent and can be
further reduced with the result discussed above in connection
with Fig. 6:

A(p) = Ao+ A®(p)=Ag+e-p/Co 3

This yields, for the areal concentration of negatively charged
acceptor molecules N4-,
Na- = (Na- + Na)

x 1 C)

1
gexp[(Ao +e-p/Co—w(p)/kpT]+1

J. Chem. Phys. 136, 124701 (2012)

1.0 \ d
0.9 ) ]
= 08} ’.\ .\.\ " N T ]
o o07f * e -
g 08} * | ]
i 05 ——a=-10ev 0\ \ 1
2 04F —y—p=-05eV ¢ o " )
5§ 03F w p=-03ev \o\ \. )
0020 o a=-01ev ¢ | -X x
01F o A= 00ev Y L) |
10° 10" 10" 10 167 10™

Hole Density (cm'z)

FIG. 8. Doping efficiency as a function of hole density for initial activation
energies Ao ranging from 0 eV to —1 eV.

where A refers to the acceptor energy before any charge
transfer has taken place, and g = 6 is the degeneracy factor
of the CgoFsg LUMO.*

Before evaluating Eq. (4) we have to consider the univer-
sal (for diamond) function w(p). In the work of Strobel et al.
w(p) was taken from the theoretical work of Ristein who cal-
culated w(p) classically.?> Here, we use w(p) as derived from
experimental data, A®(p) from the capacitor model, and cal-
culate the doping efficiency n = N4s-/(Na- + Na) with Ag
as the only free parameter. This is done in Fig. 8 for Ag
= -1.0, -0.5, -0.3, -0.1, and 0 eV. We see a doping effi-
ciency equal to one below a threshold hole concentration that
depends on Ay; the lower A, the higher the hole concen-
tration up to which the doping efficiency is unity. This lat-
ter regime corresponds to the linear relationship between hole
concentration and CgF4g coverage seen in all measurements.*
At the threshold concentration the doping efficiency drops
steeply to zero corresponding to a hole concentration that no
longer increases with fluorofullerene coverage. It is clear from
Fig. 8 that our model describes quantitatively the relation-
ship between fluorofullerene coverage and hole concentra-
tion. Moreover, it gives convincing evidence for the reason
why in different experiments different saturated hole densi-
ties are observed.

Let us now determine a value for A in the present exper-
iment. Figure 9 plots the experimentally determined and the-
oretically derived hole densities as a function of CgyFasg cov-
erage. The circles represent the hole sheet density determined
using the values of Er — Eygy in Fig. 2 and the band bend-
ing function w(p). The squares are derived by making use of
the relative intensities of the fluorofullerene core level com-
ponents to determine the number of doping CeyF4g molecules
at each coverage, noting that each ionized molecule induces
an underlying hole in the diamond. Overall the agreement
between these two independently derived hole sheet densi-
ties is as good as can be expected. The dashed and solid
lines in Fig. 9 correspond to the hole density calculated using
Eq. (4) with an initial energy of Ag = —0.5 and -0.7 eV,
respectively. The experimental data fall in between the two
estimates and the acceptor energy in the limit of vanishing
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FIG. 9. Experimentally and theoretically determined hole density as a func-
tion of CgoF4g coverage. Open circles represent the hole sheet density deter-
mined using the values of Eg — Eypym in Fig. 2 and the band bending function
w(p). Open squares represent the number of doping CgoF4g molecules at each
coverage calculated from the relative intensities of the fluorofullerene core
level components. The dashed and solid lines correspond to the hole den-
sity calculated using Eq. (4) with initial activation energies of —0.5 eV and
—0.7 eV, respectively.

coverage Ao = (ELumo — EveBM) - zero coverage — —(0.6£0.1) eV
for the present experiment.

It is important to recognise that in this case A is not
equivalent to the band offset in a conventional semiconductor
hetero junction as determined by the bulk properties (charge
neutrality levels) of the two adjacent semiconductors, where
it solely governs the extent of charge transfer across the in-
terface. Here we are dealing with a molecule only weakly
interacting with diamond. Hence, the relevant reference level
for level alignment is the vacuum level, which for dia-
mond can change significantly with the degree of hydrogena-
tion. For a perfectly hydrogen terminated surface the EA is
—1.3 eV, whereas values closer to —1 eV have frequently been
reported that are listed in the work of Maier et al.'

D. Energy level schemes for CgoF45 on diamond

Finally, we are now in a position to draw the energy level
schemes for CgoF4g on diamond. This is done in Fig. 10 for
the two extreme cases: (a) in the limit of vanishingly small
coverage and (b) a coverage of ~1 ML where the saturation
in hole density and therefore surface conductivity is achieved.
In doing so we tacitly assume that the constant separation be-
tween LUMO and LUMO™ prevails down to coverages where
spectroscopically no neutral FFs are observed. Using the ini-
tial acceptor energy determined in Fig. 9 of Ag =-0.6 eV, the
only energy not measured in the present work is the electron
affinity of the pristine hydrogen terminated diamond surface
of —1.1 eV taken from our previous work.'”’

Let us, finally, compare some salient energies as they
arise from our analysis with literature values. From the
bandgap energy of diamond of 5.47 eV in conjunction with
the electron affinity of diamond and initial acceptor en-
ergy we can determine a value for the electron affinity of
neutral CgoFsg. The electron affinity of the neutral CegoFys
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FIG. 10. Band diagram for CgoF4g on diamond: (a) in the limit of vanishing
concentration and (b) 1 ML CgoFasg coverage.

molecules is given by xcr,, = I — Ag, where Ag = —(0.6
40.1) eV from Fig. 9. Assuming xpiamonp = —1.1 eV with a
40.2 eV variance, the electron affinity of neutral CgoFas is
4.97 £+ 0.2 eV. Previously reported values are 4.06 eV quoted
by Jin et al. for gaseous CgFyg and 5.0 eV reported by Mit-
sumoto et al. for solid CgoFas.>?® The difference of 0.9 eV
between the two reported values is due to screening effects in
the solid CgoF4g. The value derived by Mitsumoto relied on
the assumption that the polarization energy of an electron in
CeoFus is the same as in Cg and amounts to 0.95 eV.2* In com-
paring our result with these two previously reported results, it
appears that our result is consistent with that of solid CegoFys.
This suggests that the CgoF4s core levels are screened from
the underlying diamond just as well as from neighbouring FF
molecules in the molecular solid.

The other quantity derived by us is the Er ymo — Ec1s sep-
aration of 287.16 eV £ 0.1 eV for the C=C component of
the Cls spectra. Mitsumoto et al. measure a binding energy
relative to Eg of 286.2 eV in solid CgoFas, they quote a Fermi
level given as 0.4 eV below the LUMO which yields Epymo
—Ec1, = 286.6 eV, falling short of our value by 0.56 eV.?* In
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another paper, Mitsumoto et al. report a Fermi level 0.8 eV
below the LUMO and the same Cls binding energy, which
would reduce the difference between their and our value to
0.16 eV.? Given that the analysis of Mitsumoto used the same
polarization energy for an electron in CggF4s as in the case of
Ce0, and the inherent uncertainties in the present study, the
agreement is quite reasonable.

V. CONCLUSION

By utilizing high resolution, surface sensitive Cls core
level photoelectron spectroscopy we have unravelled details
in the energy level scheme of diamond and a CgoFag acceptor
layer that are crucial for a detailed understanding of the dop-
ing mechanism, its efficiency, and the factors that determine
the ultimate hole concentration achievable with this acceptor
system. Unlike conventional bulk doping in semiconductors,
in transfer doping the surface acceptors are no longer char-
acterized by a single acceptor energy, i.e., a single energy
difference between acceptor level (the LUMO of CgoFag in
our case) and the VBM of diamond. Instead, the acceptor en-
ergy is itself a function of doping. This comes about from the
dipole layer that forms between the spatially separated holes
in diamond and electrons in the acceptor layer. This sets up
a dipole potential difference A ®(p) that effectively increases
the acceptor energy. The magnitude of the potential difference
scales linearly with the amount of transferred charge and the
proportionality factor is the inverse of the capacitance of the
charge free region between electrons and holes. This capaci-
tance therefore constitutes a system specific quantity that en-
ters in the doping efficiency and the maximum hole density.
In the case at hand the capacitance amounts to Co = 3.25
x 10" ecm™2V~! and a maximum change in potential of
+0.43 eV.

The other system specific quantity is the acceptor en-
ergy Ay in the limit of vanishing surface acceptor coverage. It
amounts to —0.6 eV in our case and the fact that it is negative
is responsible for the high initial doping efficiency of one. If
one were to treat the diamond-CgyF4g interface as a conven-
tional semiconductor hetero interface then this quantity would
be characteristic for the interface and hence constant. How-
ever, for a weakly interacting molecule such as CgoFag Ay is
determined by the difference between the electron affinity of
the molecule and the ionization potential of diamond. The lat-
ter in turn depends on the quality of the hydrogen termination
which is operational in lowering the ionization potential of di-
amond to values low enough to make transfer doping possible
in the first place. Hence, A( can vary even for the same ac-
ceptor species and the value determined here for CgoFag, Ag
= —0.6 eV, may vary from case to case.

The final ingredient that enters into the doping efficiency
is the Fermi level position in diamond relative to the VBM
because the activation energy for electron transfer that enters
the Fermi-Dirac statistics equals E; = Er ymo — Eg. This quan-
tity changes as well with doping because the accumulation of
positive charge in the subsurface region of diamond induces
an upward band bending that also depends on the hole con-
centration p. The upward band bending w(p) = Er — Eypm
was determined here and amounts to a maximum of 0.74 eV.
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From this and previous band bending measurements an em-
piric functional form for w(p) has been derived. Together with
the other characteristic quantities Ao and Cj they have placed
us in a position to calculate the doping efficiency, i.e., the ra-
tio of doping to non-doping CeoFss molecules as a function
of coverage. As expected, the doping efficiency drops precip-
itously when the activation energy turns positive, i.e., when
the initial negative value of A, is compensated by the op-
posing values of w(p) and A®(p). And that point therefore
also determines the maximum achievable hole concentrations
and hence surface conductivity. The fact that Ay is initially
negative prevents a freeze-out of carriers at low temperatures.
From our analysis it is expected that the same high carrier
concentrations of about 10'* cm™2 can be achieved at low
temperatures as at room temperature. This is of importance
for any planned investigation of the quantization of the 2D
hole gas in diamond.

Beyond giving a complete and quantitative picture of the
transfer doping of CeoFsg on diamond, our work may also
serve as a guide for similar donor acceptor systems involving
organic molecules and bulk semiconductors because we have
considered aside from the effect of quantization of the hole
gas all relevant aspects that are operational in such a system.
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