
Journal of The Electrochemical Society, 151 ~10! E315-E321~2004!
0013-4651/2004/151~10!/E315/7/$7.00 © The Electrochemical Society, Inc.

E315

Downlo
Electrochemical Surface Transfer Doping
The Mechanism Behind the Surface Conductivity of
Hydrogen-Terminated Diamond

Jürgen Ristein,z Marc Riedel, and Lothar Ley

Institute of Technical Physics, University of Erlangen, D-91058 Erlangen, Germany

Intrinsic diamond with a bandgap of 5.4 eV exhibits a surface conductivity~SC! of the order of 1025 V21 when terminated by
hydrogen. This conductivity is carried by a hole-accumulation layer close to the surface with an areal carrier concentration of
about 1013 cm22, and it has already been utilized for a unique kind of field effect transistor@H. Kawarada,Surf. Sci. Rep., 26, 205
~1996!#. Although the microscopic doping mechanism is still under debate. Based on the results of a variety of surface-sensitive
experiments we propose a new surface-transfer doping mechanism by which electron transfer from the valence band to adsorbed,
hydrated ionic species at the surface creates the holes for the surface conductivity. In order to draw a complete picture of the
surface conductivity concepts from surface and semiconductor physics as well as electrochemistry have to be adopted.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1785797# All rights reserved.
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Although the bandgap of diamond should render the intr
material a perfect insulator, Landstrass and Ravi have obs
more than a decade ago that nominally undoped diamond exh
high conductance that degrades gradually upon annealin
vacuum.1,2 For a long time this phenomenon has been consider
destructive for any kind of electronic application of diamond,
consequently was removed by surface oxidation prior to any d
preparation, Kawarada showed surprisingly that the surface co
tive layer could not only be tolerated but even exploited for effic
surface field effect devices.3 This has inspired new interest in t
phenomenon of surface conductivity and subsequent investig
lead to the following picture. The value of the two-dimensional c
ductivity is usually of the order of 1026 to 1024 V21 resulting from
p-type carriers with a lateral concentration in the range of 1012 to
1013 cm22 and with a mobility between 10 and 100 cm2 V21 s21.4

Both mobility and carrier concentration are only weakly tempera
dependant.4 The mobilities are not too different from those m
sured for B-doped diamond, and there is thus general agreeme
the carriers are holes residing in a surface-near layer.5 The depth
distribution of the acceptors responsible for the holes has bee
cussed controversially, ranging from species at the surface5,6 to lay-
ers extending up to 10 nm into the diamond.4 It has even bee
suggested that the acceptors form a layer buried 30 nm belo
surface.7 In the limit of a quasi-two-dimensional acceptor layer a
close below the surface the observed areal density above 1012 cm22

holes requires a band profile such that the surface Fermi leve
within a fewkT of the valence band maximum~VBM! ~see below!

The surface conductivity is only observed on hydrogenated
mond surfaces and disappears after dehydrogenation or oxida
the surface. Thus it has been suggested that hydrogen is d
responsible for the hole layer by forming particular but as yet
specified point defects within the diamond lattice that act as sh
acceptors.4 A number of experiments which are described in
following have, however, proven that hydrogen alone is not res
sible for the phenomenon of surface conductivity. An additional
cies usually provided by the atmosphere is necessary as we
propose that these species are solvated ions in a thin aqueou
on top of the diamond surface and that the doping mechanis
sponsible for surface conductivity is based on an electron tra
between the diamond valence band and this electrolytic we
layer. The key experimental results that have led to this pictur
described in the following.

z E-mail: juergen.ristein@physik.uni-erlangen.de
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Reversible Annealing of the Surface Conductivity

The first key result that clearly shows the influence
atmospheric species on the surface conductivity~SC! is demon
strated in Fig. 1. A polycrystalline diamond film that had b
deposited by microwave~MW!-assisted plasma chemical va
deposition ~CVD! was brought into vacuum~high vacuum, p
;1026 mbar) and the conductance of the sample was measur
two circular gold tips of diameterd and center distanceD presse
on top of the surface. It is straight forward to show that the con
tance 1/Rthus determined is related to the two-dimensional su
conductivity s̃ by s̃ 5 p/@R • ln(2D/d 2 1)# in which the geom
etry factor p/ ln(2D/d 2 1) for common tip geometries (D/d
; 5...10) is always of the order of one. In view of the large va

tions that can be intentionally imposed on the SC~more than six
decades!and also with respect to the scatter of conductivity va
measured under nominally identical conditions on different diam
samples~;one decade!, we do not distinguish between conduc
measured by the two-tip method and surface conductivity an
both as synonyms. In the as-prepared state~run 1! the sample show
a surface conductivity of the order of 1026 V21 typical for CVD
diamond films which is only weakly temperature dependent
annealing in vacuum up to about 240°C. After that, and depen
somewhat on the rate of the heating/cooling cycle, the conduc
drops and ends up six decades below the initial value after co
down. Ramping up and down in that state~not shown in the figure!
reproduces the lower branch of the cycle. Note that the tempe
necessary to remove the surface conductivity is considerably
than the desorption temperature for the hydrogen termination o
surface atoms~around 700°C!,8 so we are in all cases dealing w
hydrogenated surfaces. The thermal removal of the SC is, how
fully reversible upon re-exposure of the sample to air, and the
plete cycle of vacuum annealing and air exposure can be rep
arbitrarily as long as temperatures are limited to the range us
the experiment.

The results shown in Fig. 1 have in fact been qualitatively re
duced by us and others as well on surfaces of single crystals
polycrystalline films.9,10 Their straight forward interpretation is th
something in addition to the surface hydrogen termination is ne
for the SC to occur, which is removed by thermal annealing
brought back to the surface from the atmosphere. These~for the
moment unspecified! adsorbates have to be capable of creating
holes inside the diamond which give rise to the SC. In that s
they act like classical acceptors in semiconductors, but sitting o
surface instead of inside the bulk lattice. The requirement for
energy levels, however, is similar; they have to provide one u
cupied orbital very close to the edge of the valence band or
below the VBM ~which is possible at surfaces, not in the bulk:! to
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 

http://ecsdl.org/site/terms_use


stat
dis-

dia-

in
i-
upie
um.

ccep

ydro-
e

pho-
s the
ssible
ding

.
ffinity
-
ultra
all

ts, a
ter-

.0 eV
taine
ation
lowe

to an
e-
ts the
o be
nsfer
sur-
tial

en-
lecu-
on
logen
V for
d mo-
ctron
are
sys-

d
wing
der to
this
elec-
art of

ium

n the

ular
of a

isture
lence
edox

ond
p
at thi
bility

ydro-
ga-

Journal of The Electrochemical Society, 151 ~10! E315-E321~2004!E316

Downlo
accommodate and localize an electron transferred into that
from the valence band continuum. In the following chapter we
cuss this electronic aspect in more detail.

The Electron Affinity of Diamond and Atmospheric Adsorbates

In order to enable an efficient electron transfer between the
mond and an atmospheric species the electronic level scheme~in the
one-electron approximation! has to fulfill the criterion sketched
Fig. 2. The lowest unoccupied orbital~LUMO! of the as yet unspec
fied adsorbate has to be lower in energy than the highest occ
one~HOMO! of the diamond which is the valence band maxim
Since both level schemes are fixed to the vacuum level~VL! it can
be equivalently stated that the electron affinity of the surface a
tor xacc has to be larger than the ionization energyI dia of the dia-
mond. The latter quantity has in fact been measured for the h
genated and the clean diamond~111! surface11 as well as for th
hydrogenated, the clean, and the oxygen-terminated diamond~100!
surface12 by a combination of work function measurements and
toelectron spectroscopy. As an illustration, and also to stres
large range of ionization energies and electron affinities acce
for appropriately terminated diamond, we show the correspon
results for the technologically more important~100! surface in Fig
3. The top panel refers to an experiment where the electron a
~left scale!and the ionization energy~right scale!have been mea
sured accompanying the stepwise thermal dehydrogenation in
high vacuum~UHV!. The data were taken at room temperature in
cases. After the initial desorption of physisorbed contaminan
minimum ionization energy corresponding to the fully hydrogen
minated surface of 4.2 eV is found which increases to about 6
for the clean and reconstructed surface. The last data point ob
after annealing at 1200°C already reflects a partial graphitiz
and is no longer representative of the diamond surface. In the
panel the same experiment for a chemically oxidized diamond~100!

Figure 1. Response of the surface conductivity of hydrogenated diam
upon annealing in vacuum. For the second run the temperature ram~10
K/min! was stopped at 245°C for 1 h. The decrease of the conductance
constant temperature proves that 245°C is only an upper limit for the sta
of SC in vacuum.
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surface is illustrated. In this case the starting point corresponds
ionization energy of 7.2 eV,i.e., 3 eV higher than for the hydrog
nated surface, and the end point of the experiment again reflec
clean and 23 1 reconstructed surface. The important number t
extracted from this experiment for the discussion of surface tra
doping is the ionization energy of 4.2 eV for the hydrogenated
face. As illustrated in Fig. 2 this sets the lower limit for any poten
air borne surface acceptor.

In order to evaluate this criterion we have collected experim
tally determined electron affinities of more or less abundant mo
lar species.13 In fact we find only values below 2.3 eV for comm
atmospheric constituents, between 2.5 and 3.1 eV for the ha
molecules, and even for halogen radicals no more than 3.61 e
chlorine as the most electronegative one. Thus, among isolate
lecular or atomic species, the threshold criterion for the ele
affinity of 4.2 eV is not met. Simply for energetic reasons we
therefore forced to take more complex atmospheric electronic
tems as possible surface acceptors into account.

The Chemical Potential of Electrons in Atmospheric
Electrolytic Systems

Referring to earlier experiments by Riet al.,6,14 who suggeste
hydronium ions as surface acceptors, we consider in the follo
the energetics of such an electron exchange mechanism in or
check its compatibility with the diamond band diagram. Within
new concept the doping mechanism does not only involve an
tron transfer to an isolated molecular surface adsorbate, but is p
the following redox reaction that is driven toward an equilibr
between two a electron reservoirs, the diamond~valence band!on
the one side and redox couple in an electrolytic environment o
other side

diamond→ diamond21~holes! 1 2e2 @1#

2H3O1 1 2e2 → H2 1 2H2O @2#

We have chosen hydronium ions in equilibrium with molec
hydrogen as a very plausible but not the only possible example
redox couple present under atmospheric conditions in the mo
layer expected on a diamond surface. Formally the diamond va
band with and without two holes plays the role of the second r

s

Figure 2. Level scheme of a potential molecular surface acceptor for h
genated diamond. Note that the electron affinityxdia has been sketched ne
tive as determined experimentally.
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pair participating in the total redox reaction. In this sense the
mond is oxidized in a certain range below its surface by the tra
doping mechanism. In contrast to the classical oxidation of m
by acids, however, the result is not a formation of positive ca
ions going into solution and thus resulting in corrosion of the
mond. Instead, the positive charge corresponding to the trans
electrons remains as free holes in a near-surface range in the
In the chemist’s language, as for any redox reaction the directi
electron transfer is determined by the electrochemical potentia
the participating redox couples, and one would derive this qua
from the conventional electrochemical standard potential sca
the language of statistical physics one would rather compar
chemical potential for electrons in both electronic systems with
another, and relate this quantity to the vacuum level. Both pote
scales refer to the same quantity. Since the electrochemical po
scale formally corresponds to a positive elementary charge
scales have, however, opposite signs. The alignment between
given by the chemical potential of24.44 eV of the standard hydr
gen electrode relative to the vacuum level.15,16Corresponding to th
offset we have aligned the electrochemical potential scale t
diamond band diagram in Fig. 4 using its ionization energy as
cussed in the last paragraph. The potentials of the exemplary
couples on this scale17 refer to standard concentrations of the p
ticipating species~room temperature, 1 mole per liter for specie
solution, and 1 bar partial pressure for species participating fr
gas phase in equilibrium with the electrolyte!. In order to obtain
chemical potentials expected for nonstandard concentrations
dox couples one has to correct for the real concentration
Nernst’s equation. For a general redox couple involvingN molecular
species OXi on the oxidized side, each participating withni particles
to the reaction, M molecular species REDon the reduced side, ea

Figure 3. Electron affinity and ionization energy for the diamond~100!
surface as a function of surface termination.~a! Transition from a hydroge
nated to a clean surface;~b! transition between an oxygen terminated an
clean surface.
i
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participating withmi particles, and a total number ofz electrons
involved in the reaction, the equilibrium is formally represented

(
i 51

N

niOXi 1 ze2 ↔ (
i 51

M

miREDi @3#

and Nernst’s equation, relating the chemical potentialm for the ac
tual concentrations@OXi# and @REDi# to the standard potentialmS

valid for the standard concentrations@OXi#S and@REDi#S, reads a

m 5 mS 2
kT

z
lnF ) i 51

N ~@OXi#/@OXi#S!ni

) i 51
M ~@REDi#/@REDi#S!miG @4#

Note that the sign of the concentration dependent shift in Eq
opposite to the common textbook representations of Nernst’s
tion since we are referring to the chemical potential of neg
electrons instead of the formal electrochemical potentials us
chemistry. In order to estimate a potential window for atmosph
moisture layers we have to make reasonable assumptions f
partial pressure of hydrogen in the atmosphere and the acidity
moisture layer. For the former we allow a wide range of pa
pressures between 1 nbar and 1 mbar that covers the value
mbar given in theCRC Handbook of Chemistry and Physics13 with a
large tolerance. If we further adopt a slightly acidic pH value
tween 5 and 7 due to atmospheric CO2 , Nernst’s equation,4 applied
to the hydronium redox couple, Eq. 2, yields an atmospheric
dow between24.44 and24.12 eV for the chemical potentialm that
has been indicated by the shaded box in Fig. 4. The diamond
~at 24.2 eV! falls exactly into this window. Thus, considering
chemical potential for electrons in moisture layers under rea
atmospheric conditions shows that an electron transfer from th
lence band of hydrogenated diamond to hydronium ions in the
trolytic layer is thermodynamically possible and thus a plau

Figure 4. Alignment between the electrochemical potential scale an
vacuum level and relation to the diamond band diagram.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 

http://ecsdl.org/site/terms_use


ond
lence
the

ulta-
sec

ated
n of
dia-
har-

easil
due
stat

tron
ction
cally
urn to

ntial
ith a
illus-

for
and

scale
rnst’s
te as

gas
again
obvi
h a

and
nduc
ed o
role

r low
.

isture
ctron
n th

t by
ated

ronic
-
ten-
As a
ected
le a
ydro-
acidic
act

g the
. As a
layer
ally
sion
n the
om-
ther
lized.
band
lec-

e-

the
ail

tant,

lence
tion

nd
sults

with
on.
ctric
ana-

pend
ture:
ra-

;

eld

tional
show
atmo
re in
gen

g po-

Journal of The Electrochemical Society, 151 ~10! E315-E321~2004!E318

Downlo
microscopic mechanism for the surface transfer doping of diam
by adsorbates. The transfer of electrons from the diamond va
band into the electrolytic layer will thus proceed until finally
surface Fermi level will coincide with the chemical potentialm of
the redox couple. This charge transfer is self-limiting by a sim
neous buildup of a diffusion potential as discussed in the next
tion.

With reference to the uncertainty of ambient conditions indic
by the atmospheric window in Fig. 4 we point out that a variatio
similar size is easily encountered in the ionization energy of
mond. From our experience the cited value of 4.2 eV that is c
acteristic for a perfectly hydrogenated surface can sometimes
be found some tenths of an electron volt higher, most probably
to an imperfect hydrogenation process of the surface. We also
explicitly here that estimating chemical potentials for an elec
transfer reaction can in general only determine the allowed dire
of the transfer. Even if allowed, such a reaction can be kineti
suppressed or only be initiated by appropriate catalysts. We ret
this aspect later.

It is instructive to conclude this section on the chemical pote
alignment between diamond and atmospheric electrolytes w
comparison with other semiconductors. To this end we have
trated bandgaps with the valence and conduction bandedges
number of common semiconductors as well as for clean
hydrogen-terminated diamond in Fig. 5 on an absolute energy
related to the vacuum level. In the insert we have evaluated Ne
equation for the chemical potential of electrons in the electroly
a function of pH value and hydrogen partial pressure in the
phase. The typical atmospheric window discussed above is
indicated by the shaded areas in the figure and the insert. It is
ous that the valence band maximum of only diamond wit
hydrogen-terminated surface overlaps the atmospheric window
thus is susceptible to an electron transfer. For all other semico
tors shown a surface-transfer doping mechanism for holes bas
hydronium ions is impossible for energetic reasons. The unique
of hydrogenated diamond can thus be traced back to its rathe
ionization energy of 4.2 eV compared to other semiconductors

The Evolution of a Confined Surface-Near Hole
Gas in Diamond

We explained above why atmospheric adsorbates in a mo
layer on hydrogenated diamond can be expected to extract ele
from the diamond valence band and thus act as acceptors o
surface. The role of the hydrogen termination is only indirec
lowering the ionization energy sufficiently. When a hydrogen

Figure 5. Comparison between the bandgaps of a number of conven
semiconductors and diamond on an absolute energy scale. The insert
the dependence of the chemical potential of electrons in an aqueous
spheric layer as a function of pH value and hydrogen partial pressu
atmosphere.ms refers to the chemical potential of the standard hydro
electrode.
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diamond is thus exposed to air for the first time it faces an elect
system with a chemical potential~of electrons!lower than the dia
mond’s VBM and thus certainly lower that its own chemical po
tial which is the Fermi level somewhere inside the bandgap.
result, the redox Reaction 1 is promoted, and holes are inj
into the diamond and diffuse further in. Note that for every ho
compensating negative ion remains on the surface. For the h
nium ions as surface acceptors these negative ions are the
anions~e.g., HCO3

2), but if other redox couples are present and
as acceptors they may also be anions formed directly durin
redox reaction. We present an example of such a case below
consequence of hole injection and diffusion a space-charge
connected with an upward band bending potential will gradu
evolve and act more and more as a barrier for further in-diffu
of holes. The transfer doping process comes to a halt whe
potential profile has evolved such that the built-in potential c
pensates the original offset in chemical potentials, or, in o
words, when the chemical potentials at the surface have equa
We have sketched this process in Fig. 6, and now consider the
profile in the diamond after equilibration. When we define the e
trostatic band bending potentialu(x) by the local separation b
tween the valence band maximumEV(x) and the Fermi level,i.e.,
u(x) 5 EV(x) 2 EF , the relation between the potential and
space-charge densityr(u) due to the holes within the diffusive t
can be expressed adopting Boltzmann statistics as

r~u! 5 eNV expS u

kTD @5#

wheree andk are the elementary charge and Boltzmann’s cons
respectively,T is the temperature andNV 5 2.7 • 1019 cm23 the
effective valence band density of states of diamond.18 Note thatu is
negative as long as the Fermi level is situated above the va
band maximum. When Eq. 5 is combined with Poisson’s equa

d2u

dx2 5
e

««0
r~x! @6#

where « 5 5.8 and «0 are the permeabilities of diamond a
vacuum, respectively, a differential equation of second order re
for the potential. For a semi-infinite diamond it can be solved
only the surface potentialus as a remaining free-boundary conditi
The corresponding solution and the derived profiles for the ele
field and the hole density can, in fact, be expressed by simple
lytic functions when they are related to appropriate units that de
on NV and« as intrinsic diamond properties and on the tempera
l 5 A2kT««0 /NV/e which amounts to 0.77 nm at room tempe
ture for the depth scale into the diamond bulk; 2kT for the potential
NV for the hole concentrationp(x); and F0 5 2kT/(le) which
amounts to 6.5• 105 V/cm at room temperature for the electric fi

s
-

Figure 6. Evolution of a surface-near hole layer and the accompanyin
tential profile as a consequence of transfer doping.
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F(x). With these adapted units the various profiles of the hole
fusion tail into the diamond can be expressed as a function o
depth scale incrementx̃ 5 x/l as

ũ 5 u/2kT 5 2ln~ x̃! @7#

and

p̃ 5 p/NV 5 1/x̃2 @8#

F̃ 5 F/F0 5 1/x̃ @9#

As a direct and general consequence of Poisson’s equ
the electric field at a certain depth is strictly related to the
numbers of holes per area integrated over the diffusive tail bey
that depth by s(x) 5 ««0 /e • F(x). Thus, when NVl which
amounts to 2.1• 1012 cm22 is used as a unit for s the normaliz

profile s̃( x̃) 5 s/(NVl) is also given by Eq. 9 by just replacingF̃
by s̃

s̃ 5 s/~NVl! 5 1/x̃ @10#

We have plotted these universal profiles which describe the
polar charge carrier diffusion in any intrinsic semiconductor in g
eral terms in Fig. 7. All profiles have a singularity atx̃ 5 0. This
position does not refer to the semiconductor surface but inste
some position in front of the surface. The abscissa thus only r
sents a depth increment. The remaining boundary condition r
sented by the surface potentialus 5 kT • ũs can now simply b
implemented in the plots of Fig. 7 by choosing the position of
surface on the abscissa appropriately. Equivalently, the total nu
of holes per area in the diffusive tail can be chosen and Fig. 7
be taken to determine the surface position instead of using th
face potential and Fig. 7a. For example, if the total areal hole
sity is known to be 1012 cm22 the surface position on the absciss
Fig. 7c has to be placed at 1.6 nm~2.1 l!. Transferring this surfac
 address. Redistribution subject to ECS term130.203.136.75aded on 2016-09-15 to IP 
,

-
-

r

-

coordinate to Fig. 7a and b as well then gives a correct descr
of all profiles associated with the hole layer. The larger the
areal concentration of holes induced by the surface accepto
closer is the surface position to the singularity on the abscissa
the steeper are the density and field profiles decaying into the
For a total integrated hole concentration between 1012 and
1013 cm22 as observed experimentally for the p-type layers on
drogenated diamond the surface has to be positioned betwe
and 0.21l, respectively, as is also obtained directly from Eq.
Even for the lower limit of hole concentrations usually obse
1012 cm22 we thus find from Fig. 7c that 90% of the holes
concentrated within 15 nm below the surface~decay length from
1012 to 1011 cm22), and this range shrinks to only 1.6 nm
1013 cm22 holes~decay length from 1013 to 1012 cm22). From Fig.
7a or Eq. 7 one can evaluate the surface potential consisten
these hole concentrations and obtain a range between178 and237
meV for us. It is evident from these data that the Fermi level at
surface has to be situated very close to or even slightly within
valence band of the diamond in order to explain the high conce
tion of holes observed experimentally.

Concluding this section we may summarize as follows: as a
sequence of a redox reaction of the diamond with surface acc
in the form of an electrochemical redox couple with deep en
chemical potential, holes are induced into the diamond. They s
into the diamond but are retracted by a self-created potenti
equilibrium a diffusive tail of holes is formed with purely intrin
properties for which the surface acceptors determine the total
integrated density by pulling the Fermi level at the surface o
diamond to the chemical potential position of the active re
couple.

Charge Exchange Reaction Barriers and Alternative
Redox Couples

The model so far presented describes the surface conductiv
diamond as a purely intrinsic phenomenon that only requires su

Figure 7. Potential~a!, density~b!, and electric field~c! profiles for a uni
polar charge carrier diffusion tale below the surface of an intrinsic sem
ductor. The profiles can be expressed as simple functions when rela
units adopted appropriately for a specific semiconductor~inner scales!. Th
outer scales refer to diamond at room temperature.
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hydrogen termination and the presence of an atmospheric mo
layer. The reversible removal of the surface conductivity by the
annealing documented in Fig. 1 is interpreted by the removal o
moisture layer in vacuum or, more precisely, the desorption o
anions from the surface which can in principle happen inde
dently from the water desorption. As long as those anions
present the hole gas is stable.~When the negative anions are
moved the overall charge neutrality of the sample requires tha
holes recombine in the contacts.! As long as the surface hydrog
termination of the diamond remains intact subsequent air exp
of the sample restores the surface conductivity again by the tra
doping mechanism explained above. In fact the reversible cycli
the surface conductivity should be possible as long as the ann
temperature in vacuum does not exceed the stability thresho
the hydrogen termination of aboutTA,c ' 700°C. Note that thi
stability threshold is dramatically reduced in air where annealin
about 200°C already leads to a loss of the surface hydroge
oxidation and to an irreversible loss of the surface conductiv19

More recently we have, however, investigated the thermal rem
of surface conductivity and its recovery in air in more detail, and
results are shown in Fig. 8. Each symbol in the figure correspon
a different experiment, and altogether three different single-cr
samples with hydrogenated~100!surfaces have been used and w
stepwise annealed in UHV for about 15 min. After each anne
step the conductance of the sample was measured in vacuum~open
symbols!, and eventually also after exposure to normal air~full
black symbols!. So far we have discussed only the fully rever
annealing range for which the surface conductivity always reco
to its initial value after re-exposure to air. In the experiments d
mented in Fig. 8 this range extends up to about 190°C~dashed line!
After annealing at temperatures between 200 and 500°C the co
tance recovers only marginally upon air exposure and remains b
1029 V21 in all cases. Note that this temperature range is cle
below the desorption temperature of the surface hydrogen, an
have in fact verified in independent photo yield experiments tha
surfaces were in all cases still hydrogen terminated. Neverth
vacuum annealing above 200°C obviously transfers diamond i
state where surface conductivity is no longer induced by a
spheric exposure in spite of an intact hydrogen termination. W
thus forced to assume that some additional ingredient is nece
for surface-transfer doping by atmospheric adsorbates. A clue
what this ingredient might be can be obtained from the filled
gray symbols in Fig. 8 which show the conductances when sam
are exposed after annealing not only to air, but additionally to o

Figure 8. Response of the surface conductivity of hydrogenated diam
upon annealing in vacuum~open symbols! and subsequent exposure to
~full black symbols! and to a combination of ozone and air~light gray sym-
bols!.
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from an ozone source. This procedure in fact restores the su
conductivity fully, and we are thus led to the conclusion tha
additional conditioning, probably by oxygen radicals, is neces
for the creation of surface conductivity. It is important to note
after this conditioning samples are again in the fully reversible s
since in subsequent annealing sequences limited to 190°C th
face conductivity again fully recovers from annealing by simple
exposure without any ozone. The ozone exposure is thus only
essary for the conditioning of the surface, but is not needed
ward for the transfer doping. This amazing observation can b
derstood straight forwardly if we assume that ozone creates sp
oxygen-related defect centers on the hydrogenated diamond s
through which the electron transfer process into atmospheric a
bates takes place. Since the samples’ surface conductivity af
conditioning by ozone can be cycled again by annealing an
exposure, the oxygen-related surface defects obviously act ca
cally, i.e., they reduce or allow the circumvent on of a reac
barrier for the electron exchange between diamond and adso
that otherwise prevents the transfer doping in spite of an appro
alignment of the chemical potentials between them. Following
interpretation, the electrochemical transfer doping mechanis
surface adsorbates is kinetically suppressed on the perfect hyd
terminated surface, but activated catalytically at specific oxy
related defects. We have illustrated this tentative model sche
cally in Fig. 9. The left side shows the electrons transfer acro
perfectly hydrogenated surface as discussed so far, again usi
hydrogen redox couple as the acceptor. In the light of our
results of Fig. 8 we are forced to conclude that the indicated tra
reaction is, in fact, kinetically suppressed. In the lower panel o
figure we have added as an example an O-H group or a bridg
atom at a surface step as two possible and plausible oxygen-r
defect centers that may form during ozone conditioning of the
face. Their role in the surface transfer doping process is interp
as providing a better overlap between the HOMO~diamond VB!and
the LUMO (H3O1, in our case!wave functions and thus removi
the kinetic hindrance of the electron transfer. Such an improve
of overlap can, in principle, be achieved by coupling of the HO
and the LUMO to a molecular orbital of the oxygen-defect ce
Following this interpretation, annealing above 200°C destroy
catalytic oxygen-related centers,e.g., by converting them to da
gling or weak bonds, and the reconditioning effect of the oz
treatment is due to a reformation of these centers. Note that a
longed oxidation of the surface,i.e., the replacement of the hyd
gen by an oxygen termination, will raise the diamond ioniza
energy~Fig. 3b.!such that the alignment of chemical potentials is
longer appropriate for the surface transfer doping by atmosp
adsorbates. The expected irreversible loss of the surface cond
ity is also observed in our recent experiments.20 We must admit tha
the evidence for oxygen-related catalytic defects involved in
surface transfer doping mechanism is only indirect, and the ten
model suggested so far is only speculative. It would require so
ticated quantum chemical modeling to shed light on this kin
electron transfer reaction. Such calculations are in progress
they should help to develop a complete picture of the doping m
nism behind the surface conductivity of diamond.

As a final aspect of the problem, we address the possibili
alternative redox couples instead of hydronium/hydrogen that
act as surface acceptors. This possibility was in fact suggested
authors by Angus previously21 and has meanwhile been elabora
somewhat further.22 The active redox couple suggested is
hydroxyle/oxygen couple

2H2O 1 O2 1 4e2 → 4 OH2 @11#

that would replace Eq. 2 as acceptor redox couple. In fact the
dard chemical potential of this reaction~referred to the vacuu
level! is 24.84 eV, and after correction for atmospheric condit
~0.2 bar oxygen partial pressure and pH 6! via Eq. 4 a chemica
potential ofm 5 25.18 eV results. From a purely energetic poin
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 
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Downlo
view this redox couple would even work as an acceptor on a
mond surface with 1 eV higher ionization energy than measure
the fully hydrogenated one.11 In fact, Piantanidaet al.23 recently
suggested a raise in electron affinity by about 0.8 eV as a c
quence of water adsorption. This would result in an ionization
ergy of hydrogenated diamond in air of about 5 eV. In this scen
electrochemical surface-transfer doping would no longer wor
the basis of the hydrogen redox couple, Eq. 1, but still on the ox
redox couple, Eq. 11. One has to keep in mind, however, tha
chemical potentials only suggest the possible charge exchange
tions. Those can still be kinetically suppressed by reaction bar
e.g., the necessary breaking of the molecular oxygen bond in
tion 10 or the molecular hydrogen bond in the backwards dire
of Eq. 1. ~Note that for establishing equilibrium foreward and b
reactions both must be possible.! The conditioning of the surfaces
ozone is apparently necessary for charge exchange, which
briefly mentioned above and will be more extensively discussed
forthcoming paper, in fact proves the existence of some sort o
action barrier present on the perfect hydrogenated surface
posed to ozone. The active atmospheric redox couple is obvi
suppressed by this reaction barrier, but enabled at the specific
gen sites introduced above. If this active redox couple is in fac
hydrogen couple as sketched in the figure or the oxygen coup
yet to be determined by further experiments.

Breaking of strong molecular bonds is unnecessary for an
alternative redox couple that can be expected to be active

Figure 9. Tentative model for the role of catalytic oxygen-related de
centers in the surface transfer doping mechanism on hydrogenated dia
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diamond is exposed to an ozone-enriched atmosphere. If we
for additional moisture, the experimental conditions should pro
the ozone/oxygen redox couple corresponding to

O3 1 H2O 1 2e2 → O2 1 2 OH2 @12#

After correcting the standard potential of this couple via Eq. 4
the experimental conditions in our ozone experiments desc
above (@O3#/@O2# approximately one, and again pH 6! we obtain a
chemical potential ofm 5 25.79 eV for ozone in conjunction wi
atmospheric water as a surface acceptor. The effect of ozone
experiments discussed above may be two-fold. On the one
there is the reconditioning reaction by creating catalytic defect
ters on the surface that was discussed above. On the other
during the very reaction in a humid ozone-containing atmosp
we have the transfer doping by the very efficient redox couple
12. We have in fact evidence that for a partially oxidized and
less susceptible diamond surface SC can be induced in the pr
of ozone~e.g., following Eq. 11!, but no longer by simple air ex
sure ~e.g., following Eq. 2!.20 Note that for both alternative red
couples discussed in this paragraph as surface acceptors, the
acting on the surface of the diamond as a counter charge fo
holes are provided by the hydroxyle ions created by the redox
tion itself. To conclude this section we may note that the sur
transfer doping mechanism is not limited to hydronium ions as
face acceptors, but can also be achieved by other redox co
under appropriate conditions. It appears to be a rather genera
nomenon on hydrogenated diamond. It should be noted in ge
that the evolution of surface conductivity in atmosphere is, how
a rather slow process on the time scale of hours to days~for full
evolution!. Already this very obvious experimental fact indic
that substantial reaction barriers are involved in the process.
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