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We establish a strict correlation between the total photoelectron yield spectra and the surface conductivity of
hydrogenated diamond. The decomposition of the yield spectra into electron and exciton derived contributions
requires an upward surface band bending to accompany surface conductivity, while an essentially flat band or
downward band bending is observed after removing the surface conductivity by annealing in vacuum. Between
the two competing models proposed for surface conductivity with a sheet hole density’aii®, these
results favor the surface transfer-doping model strongly over the subsurface acceptor model.
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Diamond with a band gap of 5.5 eV is a bona fide insu-ing permanent surface defects that lead, in the absence of
lator in its undoped state and yet it exhibits a pronouncecdsorbates other than hydrogen, to a surface-near hole deple-
p-type surface conductivitySC) provided the surface is ter- tion layer[Fig. 1(b)]."*
minated by hydrogeh? The SC reaches values as high as Both models predict a substantially different surface band
107° S (1) per square, independent of whether diamonddiagram, as shown in Fig. 1, that allows their distinction on
is in the form of single crystals or polycrystalline films pre- the basis of the present resuits? In all the cases we are
pared by chemical vapor deposition. This SC is uniquel€aling with a fuIIy_hydroge?ﬁfd diamond surface with
among all semiconductors and insulators and it has alreadyedative electron affinityNEA)™and the only difference
been utilized for a variety of device applications such asf€ween the high conducting and low conducting state is the
Schottky diodes$, field effect transistord® and pH sensord.  Presence or absence of the surface acceptors labefeig.

9-11,15 ) ; . .
The phenomenon is based on a surface-near hole layer with]a The left-hand side .Of t.he t_)anq d'|agram refers, in
concentration of the order of 310 cm-2 that Shows each case, to the asymptotic situation inside the bulk of our

; . specimens corresponding to a Fermi-level positignabout
little temperature dependence and thus requires accepto _gg eV above the valence-band maximg for the boron-

that are very 8shallow above, or even degenerate with, thﬁoped type Ilb crystdf or deep in the gap for nominally
valence band: _ _ .undoped lla crystals.
Despite the exceptional nature of SC on diamond, there is The surface transfer-doping modélig. 1(a)] is concep-
no clear understanding of the nature of the doping mechaya)ly rather simple in terms of band bending. The negatively
nisum that leads to the surface-near hole layer. Such an Ugharged anions\ balance the excess holes accumulated in
derstanding is, however, highly desirable in order to be ablgne diamond. When they are removed by thermal annealing
to exploit fully the considerable potential of SC for applica- the hole accumulation disappears simultaneously, as required
tions. by overall charge neutrality, leading to flat band condition
There are currently two competing models which haveand low SC.
been proposed. Based on the strong dependence of SC on
ambient conditions, Maieret al. have elaborated former model () surface transfer |  (b) subsurface
ideas of Riet al® and suggested an electrochemical surface doping acceptors
transfer-doping mechanism for which solvatized ions on the dp,2NM
surface play the role of effective acceptdfdn this model >
electrons are transferred from diamond to a ubiquitous water
layer where they neutralize hydronium ions. Overall charge
neutrality is maintained by the negatively charged anions
which remain in the water layer and are indicated as effective
acceptorsA in Fig. 1(a). In general, SC persists even in
vacuum as long as the anions remain on the surface. Anneal-
ing in vacuum & 200 °C) removes the anions and erases the
SC. The complete process is reversible upon air exposure.
On the other hand, the junction properties of Schottky FIG. 1. Schematic band diagranigalence band on)yfor the
contacts and metal-semiconductor field effect transistors reg,q aternative models of SC on diamorik is the Fermi levelE,
alized on diamond with SC have been explained in terms Ofne valence-band maximum, and. the extension of the subsur-
a heavilyp-doped surface layer. The layer requires conventace acceptor layeD denotes donor type surface defects and
tional but as yet undefined very shallow acceptors with ajenotes negatively charged ionic adsorbates. The diffusion lengths
density N, between 18 and 13° cm™2 situated within @  of electrons L) and excitons ), which define the probe depth
few nanometers below the surfadt@he influence of adsor- of total photoelectron yield spectrosco§PYS), are orders of
bates on the SC can be reconciled with this model by assunmagnitude larger thad,, . .

high SC

low SC
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In the subsurface acceptor modélig. 1(b)], donorlike
surface defect®¢ with a density that exceeds the hole sheet
concentration have to be assumed in order to account for the
fact that a hydrogenated surface that has not been exposed to
atmosphere does not exhibit SC. In the absence of any sur-
face adsorbates they lead to a depletion of the holes, leaving
behind the negatively charged subsurface acceptors in the
doped layer and a tail of free holes spreading towards the
bulk. This results in the band profile shown in the lower
panel of Fig. 1b). In the high SC state atmospheric surface
acceptors balance the defects and re-establish the holes in the
p* layer, as shown in the upper panel of Figh)l The
extensiond,, of the p* layer in the subsurface acceptor
model has been estimated to lie between a few and 20
nanometers,’® which is also the range of the hole accumu-
lation profile in the surface transfer doping moffl.

It is evident from the band diagrams of Fig. 1 that con-
ventional methods to determine the surface potential, such as
photoelectron spectroscofPES and the measurement of
contact potentials by the Kelvin method, are unable to dis-
tinguish between the two models. Both determine the differ-
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FIG. 2. TPY spectra of plasma hydrogenated typg0ial) dia-

ence in energy betweefy andEy . The Kelvin method does  mond. The first spectrum marke (open circles was taken after

so right at the surface and PES averages this difference ovefe sample was annealed at 200 °C in UHV and showed a low sheet
the elastic mean free path of hot electrons, which amounts, @bnductance of= 25 pS. The spectrum mark&i(filled triangles
most, to a few nm. On these scales there is essentially n@as taken after subsequent air exposure=0.18 uS).

difference between the two models.

The difference between the two models is evident in the Figure 2 shows TPY spectra of the (@01) diamond. The
band profilebelow the hole layer. Here, the transfer-doping first spectrum was taken after the freshly hydrogenated
model switches between upward band bending for high SGample was annealed at 200 @pen circles After that the
and no band bending for low SC whereas in the subsurfaceheet conductance, measured in HV, was 25 pS, i.e., the
acceptor model an upward band bending is always prégent.sample was in the low SC state. The sheet conductance in-
This is, however, exactly the region that can be probed byreased to 0.18S by exposing the sample to air, confirming
total photoelectron yield spectroscopyPYS) of surfaces the formation of the hole layer. In this state the sample was
with NEA. reintroduced into UHV and characterized again by TPYS

In TPYS the quantum efficiency of photoelectron emis-(filled triangles. Because TPYS is an integrating spectros-
sion is measured as a function of photon energy. In the aleopy (no energy discrimination of the electrorend photo-
sence of any barrier between the conduction-band minimuralectrons are excited into a continuum of states, different
(CBM) and the vacuum level, i.e., for NEA surfacélSer-  excitation processes show up as characteristic thresholds fol-
malizedelectrons and excitons dominate the yield and thdowed by a power-law increase in the TPY spectra. With this
effective sampling depth is determined by diffusion lengthsin mind, three distinct excitation channels can be identified
L. of electrons and., of excitons**®!819Different values  in Fig. 2. Channel | with a threshold of about 2.4 eV corre-
for Le and L, have been published but all exceed a fewsponds to photoelectrons excited from bulk defects situated

Mm18,19

and the electron contributions to the yield spectrum2.4 eV below CBM into the conduction band. Channel Il,

should thus depend on the band bending in the region wherstarting at a threshold energy of about 4.0 eV, is due to the
the two models differ. direct excitation of electrons out of surface defects or gra-
For the measurements we used a synthetic typ€004d)  phitic patches at the surface, i.e., without any transport step
and a natural type 1001 single-crystal diamond. The inside the diamond Channel IlI, finally, corresponds to the
samples were boiled in a mixture of,80, and HNG, at  excitation of electrons from the valence band. The fact that
200°C to remove contaminants and nondiamond carborthe threshold energy of 5.5 eV coincides with the band gap
Both were hydrogenated in a microwave hydrogen plasma aif diamond proves the NEA of the hydrogenated
750°C. In order to guarantee identical treatment during theurface!®'416181%The different excitation mechanisms are
following experiments, both crystals were mounted on theschematically indicated in the upper left insert of Fig. 2, and
same Ta sample holder and introduced into a UHV systenthey obviously all contribute to the yield spectrum of the
with a base pressure of 18 mbar for TPYS[at room tem- annealed sample with low SC. We shall term samples show-
perature(RT)] and annealing® Each annealing step lasted ing this spectral signature as in stateAfter re-establishing
10 minutes. Conductance measurements with two Au tips aSC by air exposure contributions that require electron trans-
contacts were performed at RT either under high vacuunport to the surface after excitation, are suppressed by more
conditions of 107 mbar[high voltage(HV)] in a load lock  than one order of magnitudetateB). This holds for the
attached directly to the UHV chamber or in #f? bulk defect contribution of channel | and the band-to-band
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FIG. 3. TPY spectra of type lla diamond in the band-gap region. FIG. 4. TPY spectra of type 11§001) diamond, treated analo-
The sample is right after plasma hydrogenatifuil squares, after ~ gously to Fig. 3. Note the additional yield contribution with a
annealing at 200 °C in UH\(open circley and after subsequent threshold energy of 5.21 eV. That we assign to the excitation of
exposure to aiffull triangles. electrons from boron acceptor states into the conduction band.

excitation of channel 1. It obviously does not apply to chan-lines of referenc¥ to extend the analysis also to nonconstant
nel Il to which only electrons originating directly from the acceptor densities decaying into the diamond bulk. For ex-
surface contribute. We interpret this observation as due to ample, using a linearly or exponentially graded acceptor pro-
transition in the surface band diagram from flat band to up{ile with the same total amount of acceptors as for the rect-
ward band bending because—as explained before—electromasigular case yields 4.5 and 2.1 nm, respectively, for the
photoexcited well below the surface are susceptible to diffumaximum allowed full width at half maximum of these two
sion barriers, as schematically indicated in the lower rightprofiles.
insert of Fig. 2. Obviously, the change in band bending is Nevertheless, one could argue that the changes in TPY are
correlated with that of SC. only accidentally linked to the change in SC and rather a
The experimental results presented here clearly prove thalirect consequence of the annealing process. In addition, the
an electron diffusion barrier towards the surface exists in theeduction in yield of channel Il is les@bout 1.5 orders of
surface conductive state, which vanishes along with the holenagnitude than that of channel [more than 2 orders of
layer. This correlation is naturally explained in the surfacemagnitudeé and a distinct contribution remains even in the
transfer-doping model where both holes and surface accegonducting state.
tors disappear simultaneously upon annealing. In the subsur- In order to dispel this notion we show in Figure 3 the
face acceptor model, the acceptors, being situated inside thevious spectra on an expanded scale, focused on the band-
diamond lattice, are inherently of permanent nature. The disgap region. In addition, a spectrum of the same sample in its
appearance of the holes can thus only be explained by theinitial state right after plasma hydrogenation and with high
complete capture within the surface defects illustrated in Figsheet conductance around 78 is also shown. It is evident
1(b). In order to be compatible with the reversible cycling of that the spectral signature is that of a sample in #4test as
the surface conductivity by annealing and air exposure, @ne of the samples that exhibit high SC after annealing in
quite restrictive requirement for the subsurface acceptoUHV and subsequent exposure to air. The direct correlation
model is a sufficiently high concentration of surface defectshetween spectral shag and high SC is thus established,
of the order of 18° cm™2. On an average, one out of twelve also for the sample in its initial state prior to any annealing.
surface atoms in a row would have to carry a defect such as We now turn to the remaining emission above 5.5 eV in
a dangling bond in that scenario. This seems to be hardlgtateB. The well defined step in the TPY spectra, at about
compatible with the high quality of the surfaces used in this5.5 eV, is a clear indication that an emission channel with a
study and frequently adopted for experiments on surfacéhreshold close to the band-gap energy remains superim-
conductivity as well. We have calculated the tolerable extenposed on the surface defect emissiohannel 1). This con-
sion of the subsurface acceptors such that the remaining difribution is obviously not suppressed by the diffusion barrier
fusion barrier is onlykT over a typical diffusion length of connected with the upward band bending in samples with
electrons in diamond The result is a maximum critical high SC. As has been first pointed out by Bandis and
product of acceptor sheet density and layer width such thatoworkers*1® excitons as well as free electrons contribute
for 10 cm™ 2, a confinement of surface acceptors within 6to the TPY of diamond, starting with slightly different
nm is necessary. For this estimate a rectangular acceptor prtiiresholds around the band-gap energy of 5.5 eV. An oscil-
file has been assumed, but it is straightforward along théatory yield spectrum is characteristic for the exciton contri-
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bution. It is a result of the thermalization process after phosample with high SC. When annealed, the SC is presumably
toexcitation via multiple emissions of optical phonons.lost and the spectral shape is that of stAteas expected.
Depending on the photon energy, the thermalization proces&gain, stateB related to high SC can be restored by exposure
leaves the exciton with a final kinetic energy between zerqg atmospheré‘}A special feature in the yield spectrum of
and the optical phonon energy60 me\j that determines the  the annealed Ilb sample to which we fit an excitation thresh-
breakup probability of the excitotf:?* Therefore, the spec- o|d of 5.21+0.02 eV, is assigned to the excitation of an

tral oscillations in Fig. 3, in statB (and also Fig. # identify  gjectron from the boron acceptor state into the conduction
the above-band-gap contribution as exciton mediatedyand. Details will be discussed elsewhere.

Clearly, excitons as neutral entities are not affected by band |, summary, total photoelectron vield spectroscopy and
bending. In this sense their contribution to the yield of thecongyctance measurements show a strict correlation between
samples with high SC and upward band bending strengthenge suppression of electron emission from the conduction
rather than refutes our interpretation of the changes in TPYyand and the occurrence of surface conductivity. This is di-
with SC. For samples with low SGtateA) the oscillatory et evidence for an upward surface band bending connected
exciton contribution is masked by the much more intensgyith SC and flat bands without SC. These results are consis-
contribution of free electrons. _ tent with the surface transfer doping mechanism as devel-
In the case of 1I(001) hydrogenated diamond, the TPY gpeq by Maieret al. They contradict subsurface acceptor
spectra(Fig. 4) are in perfect agreement with the results of \ogels as they have been published so far with a sheet car-
the lla specimen despite the fact that the SC could not bgg, density of 163 cm™2.
directly measured on account of the high bulk conductivity
of the boron-doped sample. When the sample is freshly hy- The authors would like to thank H. Okushi for fruitful
drogenated, the spectral signature is that of dBatee., of a  discussions.
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