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Diamond is an excellent substrate for many sensing and electronic applications because of its outstanding
stability in biological and aqueous environments. When the diamond surface is H-terminated, it can be
covalently modified with organic alkenes using wet photochemical methods that are surface-mediated and
initiated by the ejection of electrons from the diamond. To develop a better understanding of the photochemical
reaction mechanism, we examine the effect of applying an electrical bias to the diamond samples during the
photochemical reaction. Applygna 1 V potential between two diamond electrodes significantly increases
the rate of functionalization of the negative electrode. Cyclic voltammetry and electrochemical impedance
measurements show thatth V potential induces strong downward band-bending within the diamond film

of the negative electrode. At higher voltages a Faradaic current is observed, with no further acceleration of
the functionalization rate. We attribute the bias-dependent changes in rate to a field effect, in which the
applied potential induces a strong downward band-bending on the negative electrode and facilitates the ejection
of electrons into the adjacent fluid of reactant organic alkenes. We also demonstrate the ability to directly
photopattern the surface with reactant molecules on length scate®sim, the smallest we have measured,
using simple photomasking techniques.

Introduction binding 120 While this functionalization procedure is clearly
) ) ] ) ) very effective, the ability to functionalize diamond with alkenes

Diamond is an attractive substrate for a wide variety of sing 254 nm light is surprising because diamond and most
applications because of its excellent properties such as highgrganic alkenes are essentially transparent at this wavelength.
thermal, mechanical, and chemical stability, controllable electri- o more detailed study showed that there is no significant
cal properties, and optical transpareiéyin many cases, the  ifference in reactivity between single-crystal and polycrystalline
ability to take advantage of these desirable properties alsofjjms and that in both cases the functionalization reaction occurs
requires controlling the chemistry of the interfaces between ynder conditions where photoelectrons can be ejected from
diamond and other materials. One approach to this problem is giamond into the organic alkene. On the basis of these and other
to functionalize the surface of diamond with molecular or pservations, we proposed that the reaction was initiated by the
biomolecular layers that can provide specific chemical and/or yy photoemission of electrons and subsequent creation of
physical properties. For example, recent studies have demon-5gical anions in the reactant fluid.
strated that functionalized diamond surfaces can be used for \yhile some aspects of this reaction are understood, many
applications such as chemical and/or biological sen¥ifg. questions remain about the photoelectron ejection mechanism,

While the excellent physical properties of diamond are well the influence of external electric fields on the reaction rate, and
understood, the functionalization of this material with molecular the electrical properties of interfaces between diamond and
and/or biomolecular species has received much less attentionnominally insulating reactant molecules. Here, we report
The high stability of diamond makes it a difficult material to investigations of how an external potential affects the photo-
functionalize. Previous approaches to functionalizing diamond chemical functionalization reaction, and we compare the ef-
surfaces with molecular species have included electrochefnical, fectiveness of the photochemical reaction with that of electro-
thermal®~*! radical!?®* and photochemickt1¢ activation chemical functionalization under similar conditions. We also
methods. We previously reported molecules bearing an alkeneexplore the ability to photochemically pattern the spatial
(C=C) group will link to the surface of hydrogen-terminated distribution of reactive sites on the surface. Our results provide
diamond when illuminated with ultraviolet light at 254 nm, new insights into the mechanism of the photochemical reaction
forming a well-defined monolayer fil#f:1” These monolayers  and how to achieve additional control over the reaction by
are chemically robust and can be used as a starting point forcontrolling the electrode potential.
linking biomolecules such as DNAand protein’to the surface
and/or conferring properties such as resistance to proteinMethods

— Sample Preparation.Nanocrystalline diamond films (p-type,
*To whom correspondence may be addressed. E-mail: rjhamers@ B-doped, 0.56:m thick) were grown on General Electric type

wisc.edu. . .
T University of Wisconsir-Madison. 124 fused quartz microscope slides that are transparent at 254

*Naval Research Laboratory. nm. The films were grown at the Naval Research Laboratory
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of time periods. After the TFAAD-terminated surfaces were
(a) % removed from the reaction vessel, the samples were sonicated
individually in chloroform (5 min) and electronic grade methanol
254 nm (5 min) to remove any physisorbed material.
| Quartz window | Surface Analysis.The photochemically terminated surfaces
were analyzed using X-ray photoelectron spectroscopy (XPS)
N, purged in an ultrahigh vacuum syster® (< 5 x 10719 Torr) equipped
] with a load-lock for sample introduction, a monochromatized
e A T ! Al K o source (1486.6 eV), and a hemispherical analyzer with
- - a multichannel detector (resolutien0.1-0.2 eV). All spectra
were collected at £5hotoelectron takeoff angles. Atomic area
(b) % ratios, denoted a&r(1s/Ac(1sy are used as the principle measure

of the extent of functionalization of the diamond surface with

TFAAD; these were calculated by fitting the area under the XPS

Quarz component peaks using Voigt functions with a baseline cor-
. rection and then correcting for atomic sensitivity factors (C,
() Diamond 0.296; F, 1.00; N, 0.477; O, 0.711).
[Au__ | TFAAD [ Au] _ Electrochemical Analysis.Sheet resistances of the diamond
Diamond (+) films were measured using a four-point probe. Cyclic voltam-
metry and impedance spectroscopy measurements were per-
Quartz formed in a three-electrode cell using a gold pseudoreference

Figure 1. (a) Experimental setup for biased photoelectrochemical €lectrode, a gold counter electrode, and hydrogen-terminated
reactions. (b) Enlarged view of sample “sandwich” experimental setup diamond as the working electrode. A gold wire was used as a
(not to scale). pseudoreference electrode because the Fermi level of gold and
. . ) of p-type diamond are close in ener§fyconsequently, a
using previously described methotisThe samples were cutto  potential 60 V vs the Aureference electrode leads to a situation
dimensions of approximately 1 inc /4 in. and then were  ¢jose to that in the two-electrode cell wib V applied between
masked leaving an approximateh in. x 3_/16 in. exposed electrodes. All of the electrochemical experiments were per-
section,; this exposed section was coated with Au using a metalformed using vacuum distilled TFAAD that was purged with
sputter coater (Structure Probe, Inc.). Samples were hydrogen-ry nitrogen prior to measurements. Cyclic voltammograms
terminated by exposing to a 13.56 MHz radio frequency \yere measured on a three-electrode potentiostat (Solartron 1287)
hydrogen plasma while heating to600 °C for 5 min; the 434 impedance analyzer (Solartron 1260) using Corrware
samples were cooled in the plasma for 15 min and then further (gcripners) software for data acquisition and analysis. To provide
cooled in pure K for >30 min. Photoelectron spectroscopy pigher signal-to-noise, impedance spectra were obtained using
measurements show that the resulting surfaces are hydrogeny separate current amplifier and dual-phase lock-in amplifier.
terminated and are free of oxygénFollowing the hydrogen Direct Photochemical Patterning and Imaging.To dem-
treatment, the sputtered Au layer provides an ohmic contact t0 ygtrate the ability to directly photopattern functional groups
the diamond surfac®. , onto the diamond surface, a H-terminated diamond sample was
Sample Functionalization. In previous work” we showed ¢, ered with a thin film of TFAAD, and a molybdenum sheet
that photochemical functionalization of diamond occurs using \.ith 1 mm diameter holes was placed directly on top, forming

light at 254 nm. At this wavelength diamond has very low simple photomask. This was sealed with a fused quartz
absorbance. We estimate the absorbance of the thin films useq;i,qow to prevent drying and exposed to 254 nm light for 20
here to be<0.1 after correcting for reflection losses. Absorption 1 \ith no applied bias. The sample was then sonicated in
spectra of the diamqnd th_in films Use‘?' here, along with other ¢ or6orm (20 min) and electronic grade methanol (10 min),
diamond samples investigated previodShand shown to  qyieq with nitrogen, and chilled te0 °C. The patterned surface
functionalize at the same rate, are shown in Supporting s yisualized by exposing it to a small amount of water vapor.

Information. o _ The resulting pattern was photographed with a Nikon Coolpix
H-terminated nanocrystalline diamond films on fused quartz igita| camera. The sample was again sonicated in electronic

(H—NCD) were loaded into a nitrogen-purged reaction vessel -a4e methanol and then imaged using scanning electron
sealed with a fused quartz window as shown in Figure 1la. The microscopy (SEM, LEO Supra 1555VP) at 2 kV incident

diamond films were separated by a thin fluid layer5-10 electron energy, 11 mm working distance, and imaged with the
uL) of TFAAD (trifluoroacetamide-protected 10-aminodec-1- secondary electron detector biased+&00 V.

ene) (Figure 1b) that was synthesized and purified as previously
describeé forming a “sandwich”-like structure. Molybdenum
clips were used to provide electrical contact to the Au-coated
section of the diamond samples for biasing experiments. Biases Effects of Bias and UV lllumination. To identify the

of up to 5 V were applied; the current flowing between the influence of an applied voltage on the reaction process,
electrodes (through the fluid film) was simultaneously measured photochemical reactions were run for varying lengths of time
with a picoammeter. Samples were illuminated with 254-nm with a 1 V bias applied between the two electrodes using the
light from a low-pressure mercury lamp{ mW/cn?) through cell shown in Figure 1. After chemical cleaning steps, XPS was
al/yin. x Y4 in. window in the Teflon sample holder (Figure used to measure the C(1s) and F(1s) intensities on a region of
la,b). The remaining sections of the diamond were shielded each sample that was illuminated and a region that was shielded
from light to prevent photoexcitation at the Au contact and to from direct UV exposure. Figure 2 shows the resulting peak
mitigate any potential side reactions. The photochemical area ratioArisfAc(s)for samples illuminated for the indicated
diamond surface reactions were allowed to proceed for a variety lengths of time. Figure 2a summarizes measurements from

Results
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(a) between the samples, thesfAc(is)ratio measured within the
dark regions of the negatively (solid line) and positively (dashed
0.257 a " line) biased samples are both 0-02.05 and are independent
0.204 I i of illumination time. For comparison, data for an unbiased
I 3_ LI it LI photochemical reaction are plotted as a dotted line. The small
2 0.15- it @ quantity of fluorinated species on both samples is less than 25%
< ’ of what is measured on a fully TFAAD-terminated surface and
£ 0.10- / likely arises from a small amount of spontaneous functional-
< 3 () and UV ization or trapping of TFAAD at grain boundaries within the
0.05+ i : - (+) and UV poncrystaIIm.e f|Im. . ' .
0.00 <@« UVonly The_data in Figure 2a were obtal_ned Mla 1V apphed_
il e T LT T potential between the electrodes. To identify how the function-
lllumination time (hours) alization rate depended on the magnitude of the applied bias,
(b) the composition of the surfaces was analyzed after 1.5 h of UV
0.25- exposure at biases of 1, 1.5, and 3 V. These surfaces all showed
ArasfAcis) = ~0.17 on the UV-exposed sections of the)(
0.20+ HE samples and\r(1sfAc@1s)~ 0.06 on the {) samples, indicating
z o ot that there is no significant change in reaction efficiency as the
<& 0.157 —=a— () only bias is increased from 1 to 3 V. Using an unbiased sample at
“?._ S0 — & = (+) only 1.5 h exposure as a reference point for comparison, we found
& «oo+@:- UV only that in every case the negatively biased samples showed an
AT e <SRN i increased extent of functionalization, while the positively biased
-ﬁ—‘—- | samples showed reaction efficiencies similar to the unbiased
ke e LN NOUGI PR S ANV ISR (but photochemically illuminated) samples.
0 2 4 6 8 10 12 14 16 As an additional control, we conducted experiments in which

Hlumination time (hours) the positive/negative sample orientation was reversed; those

Figure 2. Surface termination of the diamond surface with TFAAD  experiments confirmed that the observed differences between

for biased and unbiased samples monitored using XPS: (a) Samplespositive and negative electrodes were due to the applied bias

exposed to ultraviolet light; (b) samples shielded from ultraviolet light. and not to any differences in optical intensity due to (for
xample) absorption or scattering within the liquid reactant or

regions of the positive and negative electrodes that were expose op diamond electrode.

to UVlight, along with our previously published data for a Photochemical vs Electrochemical Functionalizationin

le that to UV light with li lthge. ) . ; -
sample that was exposed to UV light with no applied voltége a previous study of the photochemical functionalization of

Figure 2b shows similar measurements from regions of the sam single-crystal and nanocrystalline diamond, we showed that the
samples that were shielded from the UV light. 9 y y ’

j . reaction was initiated by the ejection of electrons from the
In Figure 2a, the data show that the electrode with the \y tarminated diamond surfaéé.To test whether a purely
negative applied voltage (solid line) is functionalized quickly, - g|ectrochemical process might also be able to induce modifica-
yielding Arasf/Acs)= 0.17 after 1.5 h and reaching a terminal o of the surface, we compared photochemical and electro-

value of ArisfAcus) = ~0.22 after only~3 h of exposure. In chemijcal functionalization of diamond. To facilitate this com-
contrast, the positively charged electrode (dashed line) V'e|d5parison, the current between the diamond electrodes was
only ArusfAcis) = 0.07 after 1.5 h anéleusfAcus = 0.16 after  measured during photochemical functionalization experiments.
~6 h. The limiting value of\rusfAcus)= 0.22 for the negatively  Repeated measurements showed that the measured current
biased electrode is nearly identical to that measured previouslyduring illumination (1.5 V bias) varied significantly from sample
on nanocrystalline and single-crystal diamond samples that weregq sample, ranging from a few nanoamps to as high-&80
illuminated for >12 h with no applied biak. We thereby nA of current. Yet, the XPS data remained very consistent:
conclude that the negative bias enhances the reaction rate ofineasurements taken on separate samples exhibiting different
the negative diamond electrode, but the final extent of func- currents showed very simila¥%:s/Acis) XPS values. Measure-
tionalization (i.e., the mOﬂOlayer denSity) is similar to that of ments of the Change in current induced by photoexcitation
the unbiased samples. In contrast, the positively biased electrodgypically showed an increase of approximately 1 nA when the
is functionalized more slowly than the unbiased sample; while jljumination source was turned on. We conclude that in the
the fluctuations between different samples make it difficult to experiments in which bias is applied, the majority of the current
detect a statistically significant decrease in the initial rate is purely electrochemical and not a direct result of the photo-
compared with the other samples, the terminal valu@pfsf excitation.
Aciis) = 0.16 observed here afté h of illumination of the While the current varies from sample to sample, measure-
positive sample is significantly smaller than that observed on ments on a single sample set exhibiting a maximum current of
the unbiased samples. These data (Figure 2a) show that the ratg3g na show that the negatively biased diamond achieved full
of functionalization of the diamond surface is accelerated when tgrmination BrasfAcas) = 0.22) afte a 6 h UV exposure at
negatively biased but is much less affected by an equivalent 5 v, From this, we can conclude that in the photoelectro-
positive bias. chemical experiment, the surface becomes fully functionalized
In the biasing experiments immediately above, only part of under conditions where a total of 1.7 10 electrons cross
each sample is exposed to UV light. The remainder of the the interface. To test whether full termination could be reached
sample can then act as a “dark” control under biasing conditions with a similar number of electrons crossing the interface in the
identical to the illuminated samples. Figure 2b shows XPS data absence of UV illumination, H-terminated NCD samples were
measured within these dark regions. Wzl Vbias is applied biased at a potential of 1.5 V in a dark environment while
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simultaneously measuring the sample current. The experiments

were run until the total number of electrons that flowed through (a) g

the interface exceeded1.7 x 10'. In one typical experiment,

for example, the sample was biased at 1.5 V for 22 h, during I © . %_
which a minimum of 2.95< 107 electrons flowed between the TFAAD

diamond samples, more than an order of magnitude higher than H-terminated diamond

the value observed in photoelectrochemical experiments that

achieved full termination. XPS analysis of the negatively biased
diamond in this particular experiment showAgisfAc(s) = (b)
0.065. This value is much smaller than the typical value of 0.22
achieved with ont 6 h of UV illumination on a negatively

biased sample. We conclude that a purely electrochemical
process is not effective at inducing the functionalization. The

small amount of F(1s) intensity that is observed is likely due to

a combination of some physisorbed material and/or some
material that becomes trapped in locations such as grain (C)
boundaries in the polycrystalline film.

Photochemical Patterning.One advantage of photochemical
functionalization is the potential ability to directly pattern
different chemical functional groups onto the surface, using the
UV light to control the photochemical reactions. Previous studies
have used masks to pattern oxygen and hydrogen on diamond
using plasma=>and lithographic methods to organically pattern
diamond surfaceX, but direct photochemical patterning of
molecular species has not been previously achieved. To pattern
the samples, we used physical masks constructed from thin
molybdenum sheets that were placed in direct contact with the
TFAAD fluid and then covered with a UV-transparent quartz
disk to prevent drying, as shown in Figure 3. Simple patterns
consisting of holes and lines were investigated. XPS analysis
of the photoelectrochemical sample (1 V bias) with a sharp linear
boundary, prepared using the setup shown in Figure 1a, shows
abrupt transitions in the F(1s) signal and a chang@dgasf
Acqs)from 0.05 to 0.22 as the surface is translated over a length
of ~1 mm, which is the limiting spatial resolution of our XPS (d)
system. r“ﬁM

The chemical pattern can easily be observed visually using

the fact that the H-terminated diamond is very hydrophobic |
while the TFAAD molecule is hydrophilic. When samples that \H ‘
have been cooled to near € are brought into a humid LJ“FMMM"M*WWM
environment, condensation wets the hydrophilic regions but | ) . : . ; ’
forms very small water drops on the hydrophobic regions. 0 400 800 1200
Consequently, the hydrophobic regions have increased diffuse Distance (um)
Scatte”r?g of light, while the hydr_Oph'“C regions do not. Figure 3. (a) Experimental setup for photochemical 1 mm mask
Depending on whether the sample is observed in off-specular patterning. (b) Digital photograph of H-terminated diamond (light areas)
or near-specular directions with respect to a light source, the photochemically patterned with TFAAD (dark spots) visualized by
TFAAD-modified regions can appear lighter or darker than the hydrophobic/hydrophilic interactions with water vapor. (c) SEM image
surrounding H-terminated regions. Figure 3b shows a visible- of photopatterned 1 mm TFAAD spot on hydrogen-terminated diamond.
light image of a sample that was patterned using a simple (d) Contrast profile corresponding to dashed line in (c).

molybdenum mask with 1 mm diameter holes where the  Ejectrical Properties of the Diamond-TFAAD Interface.
TFAAD-modified section of the surface appears darker than \when a four-point probe was used, the sheet resistance of the
the H-terminated section. diamond films was determined to be x3L0° Q/square; using

The chemical patterning of the surface can also be viewed atthe known thickness of the diamond film (0.B6), this yields
higher resolution directly using scanning electron microscopy a conductivity of 7.2Q cm. Measurements made with the UV
due to the differences in secondary electron yield. Figure 3c light on and light off show differences in the total sheet current
shows an SEM imagef@a 1 mmdiameter TFAAD-function- and the measured voltage, but the overall sheet resistance does
alized region surrounded by H-terminated diamond. Analysis not change; this indicates that the number of mobile charge
of the SEM images in cross section shows that the transition carriers produced by illumination is small compared with those
from TFAAD-functionalized to H-terminated regions is very produced by the bulk doping. Knowing this bulk conductivity
sharp, with a width of<25um (Figure 3d). The ability to retain  is important because it establishes that during all photochemical
a sharp boundary has an important mechanistic implication by and electrochemical functionalization experiments, the resistance
demonstrating that diffusion of reactive species in the liquid along the length of the diamond film (i.e., between the external
phase over time periods of many hours does not alter the spatialcontacts and the illuminated region) is sufficiently small that
distribution of functionalized sites on the surface. the voltage drop along the film is10 mV, even at the highest

/
|

Intensity
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(a) Electrochemical impedance spectroscopy measurements were
used to identify whether this capacitance arises from the

400 diamond space-charge region or from an electrochemical double-
< il layer in the fluid. In these measurements, the re&d and
£ 200 i ; . " ;
I i imaginary £'') components of the complex impedar&;evhere
E, 0 - o A Z=7 +iZ", are extracted by applying a sinusoidal modulation
5 to the applied potential and measuring the in-phase and out-

i of-phase components of the current flowing across the interface.
: Such measurements are typically made as a function of
T

frequency and potential. In a simple resistancapacitance
model of the interface, the capacitance is directly related to the
imaginary part Z'') of the complex impedance as

I T T T
-4 -2 0 2 4
Potential, Volts vs. Au

-1
c 27fz"

Our measurements of capacitance as a function of potential
show a distinct sigmoidal shape, with a higher capacitance at
more positive potentials and lower capacitance at potentials more
negative tham- —1 V. This shape is significant: the capacitance
voltage characteristics of doped semiconductors are sigmoidal,
while the capacitancevoltage characteristics of dilute ionic

' ' ' ' é liquids are approximately parabolic in sh&8¢or semiconduc-

-1 0 1

Potential, Volts vs. Au tors, the capacitanesesoltage characteristics are usually plotted
Figure 4. Electrochemical data for diamond vs Au pseudoreference as & “Mott-Schottky” plot of 1C? vs potential. Figure 4b shows
electrode in neat TFAAD: (a) cyclic voltammogram (50 mV/s) a Mott—Schottky plot of capacitance data that were measured
demonstrating capacitive behavior betweehand+0.2 V; (b) Mott— at 103 Hz. The pronounced sigmoidal shape is readily apparent
Schottky plot showing sigmoidal shape characteristic of doped semi- g1 is similar to that anticipated for a p-type semiconductor.

conductors. When biased at positive potentials, a typical p-type semiconduc-

tor is expected to have upward band-banding, forcing the
semiconductor into the accumulation region in which there is a

verified independently. These measurements establish that whery©"Y high density of charges near the surface; this leads to a
a bias is applied to the gold contacts sputtered onto the diamond™9h capacitance and a lowCk. At negative potentials, a p-type
electrodes, the potential is dropped in the space-charge regiorpemiconductor would be expected to have downward band-
of the diamond or within the TFAAD, rather than along the banding; thl_s leads to a depletion of charge carriers, yielding a
length of the diamond electrodes or at the contacts. small capacitance and a large€d/In our system, the interpreta-

To identify whether it is the semiconductor space-charge layer tion is complicated by the fact thqt thereis a para_llel conductive
or the liquid film that ultimately limits the conductivity of the ~ Pathway that turns on at potentials more negative thdnv

system, electrochemical measurements of the diam®RAAD and more POS‘,“VG than-+0.2 V and bepause there may be
interface were made. To avoid contamination or undesired S°Me contribution from the electrochemical double-layer in the
introduction of ionic materials into the TFAAD, a thin-layer 1uid.- Yet, the data clearly show an asymmetryGrvs V that

cell incorporating a simple pseudoreference electrode consistingiS like that expected for a semiconductalectrolyte interface

of a clean gold wire was used. The work function of polycrys- in which the applied potential induces a band-bending in the
talline gold is approximately 474.8 eV2% Assuming an semiconductor. In contrast, the electrical double layers formed

electron affinity of—0.5 VA7 and a Fermi energy lying-0.3— by ions in solution (or, what might be anticipated from any ions
0.7 V above the valence band maximé®’the vacuum level present in t_he reactant fluid) vary qua_dratically with voltage.
of diamond lies 4.34.7 eV above its Fermi level. Accordingly, '€ capacitancevoltage data establish that as the sample

we expect a contact potential difference of no more than a few Ptential is varied betweer1.0 and+ 0.2 V, the resulting
tenths of a volt between the gold pseudoreference electrode anc?!ecmc field significantly Ch?‘”ges the band-bending within the
the diamond samples, such that the potentfad &/ vs this diamond space-charge region.

pseudoreference electrode is reasonably close to the open-circuibiSCussion

condition for the two-electrode cell.

Figure 4a shows a cyclic voltammogram of the cell, where  The photochemical functionalization of H-terminated diamond
the potentials are all referenced to the gold pseudoreferenceis an extremely interesting reaction because in addition to giving
electrode. At voltages of—2 V and>+2 V with a scan rate rise to interfaces exhibiting extraordinarily high chemical
of 50 mV/s, the cell exhibits a clear linear dependence of current stability, the mechanism itself is unusual, occurring with sub-
on voltage, indicating simple ohmic behavior. At voltages band-gap light. Previous studies on H-terminated surfaces of
between approximately1 and+0.2 V, however, the separation  silicon?®-3%and diamon# have shown that radicals in solution
between forward and reverse sweeps increases, leading to &an abstract H atoms from the H-terminated surfaces, leaving
region exhibiting a more rectangular shape; this is characteristic behind highly reactive surface “dangling bonds” that can then
of a capacitive response, in which the current fldws C* link to reactant molecules in solution. Once a dangling bond is
dv/dt, is significantly different on the forward and backward created, reaction with alkenes in solution is expected to be
sweeps due to the different sign of/dt. The rectangular shape facile 2332736 On the basis of these studies, we expect that the
indicates that within this potential range, the response of the functionalization of diamond with organic alkenes can be
system is dominated by capacitance. divided into two discrete steps: (1) initiation by the creation of

currents observed. We also note that gold is known to make an
ohmic contact to H-terminated diamofdwhich we have
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a surface dangling bond and (2) the subsequent reaction of theSchottky plot in Figure 4b mirrors the expected behavior for a
dangling bond with the alkenes. The second step is well p-type semiconductor. At negative potentials the surface bands

understood based on previous wé?k3! However, the photo-  are bent downward, forming a depletion region that has only a
chemical initiation step remains poorly understood, even on small space-charge capacitance. Conversely, at the positive
well-studied surfaces such as silicon. electrode the applied field would be expected to induce an

Our previous study showed that the ability to functionalize Upward band-bending; however, for a p-type sample it is difficult
H-terminated surfaces of single-crystal and nanocrystalline to induce upward band-bending, especially as the Fermi level
diamond using 254 nm light (photon energy4.88 eV) was comes close to the boron acceptor level that lies 0.37 eV above
closely connected to the ability to eject photoelectrons into the the valence ban#. The data in Figure 4b strongly suggest that
adjacent reactive fluidf This process is facilitated by the the application of an electric field across the diamefidid
negative electron affinity (NEA) of the surface. NEA implies interface induces a significant band-bending within the nega-
that the vacuum level is lower in energy that the conduction tively biased diamond sample, which is responsible for the
band, such that conduction-band electrons can be easily ejectednfluence of applied bias on the functionalization rate.
out of the diamond. We proposed that the ejection of these This observation is significant because previous studies of
electrons into the adjacent fluid (“internal photoemission”) can photoemission from diamond using sub-band-gap illumination
lead to creation of radicals and other reactive species in thehave identified two possible mechanisms. One mechanism
fluid that in turn could abstract a hydrogen atom from the involves photoexcitation of electrons from mid-gap (defect- or
H-terminated diamond, leaving “dangling bonds” on the surface. dopant-related) electronic states to the conduction band, followed
The highly reactive dangling bonds allow for subsequent by drift to the surface and then ejection of the electrons into
propagation steps of the proposed radical-based mechanism. Weacuum38-42 A second mechanism involves electron ejection
inferred the existence of these radicals by direct observation of directly from the valence band into vacud#Previous studies
changes in the chemical composition of the liquid phase upon have suggested the mechanism involving excitation to the
exposure to H-diamond surfaces illuminated with 254 nm light. conduction band via mid-gap defect states is more favorable

As part of the question of how the functionalization of because it takes advantage of a longer optical absorption depth
diamond is initiated with sub-band-gap light, the possible role and has less stringent momentum conservation fél&nce
of electric fields within the semiconductor space-charge region the electric field clearly has a large influence on the function-
and/or in the organic fluid phase, and whether functionalization alization rate, our data support the defect-mediated excitation
can be initiated electrochemically without UV light become very to the conduction band followed by electron ejection.
important. Understanding the photochemical mechanismis also  Figure 5 depicts how the applied potential influences the
significant for understanding the ultimate spatial resolution that bands in the context of the “sandwich” structure. Previous
might be achievable using UV light to photopattern chemical studies have shown that H-terminated samples of B-doped
functional groups onto specific locations of the sample. diamond typically have downward band-bending and exhibit

We first address the influence of an externally applied negative electron affinity! 424546 Several researchers have
potential. Our data in Figure 2 clearly show that applying a 1 reported that undoped samples that were H-terminated and then
V potential across a sandwich of diamond electrodes separatedexposed to air or water can transfer electrons to the water thin
by TFAAD enhances the reaction rate at the negative electrodefilms, resulting in an upward band-bending and formation of a
by approximately a factor of 3 and slightly decreases the rate conductive p-type surface regiéh?*éIn a previous study’ we
at the positive electrode. The influence of the applied bias on showed that boron-doped samples that were hydrogen-termi-
the reaction rate could be associated with the presence of amated and then immediately transferred to vacuum or im-
electric field in the semiconductor (i.e., field-induced band- mediately functionalized with organic layers both retain the
bending) or by an electric field in the fluid that might (for downward banding that is characteristic of the freshly H-
example) attract or repel charged species from the electrodesterminated sample. This downward band-bending induced by
In both cases, higher potentials would be expected to further the H-termination is one of the key factors controlling the
influence the reaction rate. Yet, our XPS measurements shownegative electron affinity of H-terminated diamond. For two
that while there is a clear enhancement in functionalization rate diamond samples in electrical contact at zero applied bias, the
for applied voltages of-1 V, higher voltage (up te~3 V, the Fermi levels of both samples are aligned and the bands are bent
maximum tested) does not further increase the rate. To fully slightly downward, as in Figure 34.As the potential is
understand the lack of change in functionalization rate betweenincreased (Figure 5b), the negatively biased electrode has its
1 and 3 V requires understanding how the electric field is bands bent downward, and we observe an increased function-
distributed between the fluid and the semiconductor surface. alization rate. Conversely, the positively biased sample may have

The electrochemical data in Figure 4 provide insight into the its bands bent slightly upward with little change in the initial
potential drops. The existence of a ohmic region at potentials functionalization rate. Our data therefore suggest that the bias-
more negative than approximatelyl VV or more positive than ~ dependent changes in functionalization are a direct result of the
approximately 0.2 V (vs a Au pseudoreference electrode) implies Pand-bending induced in the diamond space-charge layers,
that in this region the applied potential is driving an electro- Which in turn influences the rate of electron ejection when
chemical reaction (a Faradaic proceswithin the narrow illuminated with 254 nm light.
potential window between-1.0 and+0.2 V, however, the Our data suggest that photoexcitation events excite electrons
nearly rectangular shape of theV curve shows that under from mid-gap bulk defect states to the conduction band as
these conditions the overall cell impedance is limited by depicted in Figure 5c. Drift in the space-charge layer can drive
capacitance. This capacitive behavior could in principle be the electrons toward the surface, from where they can be easily
associated with either the diamond space-charge layer, the bulkejected. The drift and photoemission can occur at zero bias
fluid, or an electrical double-layer that could exist in the fluid because of the intrinsic downward band-bendihgut these
at the semiconductefTFAAD interface if ionic species were  processes can be enhanced or hindered by the application of an
present in the TFAAD. The sigmoidal shape of the Mott  additional electric field. In a previous study we showed that
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neutral alkene in solution; (d) resulting surface-bound radical species.
defect . Subsequent reactions are not shown.
. T ./
states 1 *7 R TABLE 1: Comparison of Current between Diamond
Samples during Dark and llluminated Experiments
VEI'3: oA o uv dark
time (h) 6 22
potential (V) 15 15
no. of electrons 1.7% 10t 2.59x 107

Figure 5. Band diagram for “sandwich” sample orientation with (a) ArasfAcqs) 0.22 0.065

no applied bias, (b) applied bias, and (c) photochemical ejection. most of the additional potential drop occurs across the fluid

the electron ejection creates reaction products that can be directlyrather than across the diamond space-charge layer. These higher
detected by analysis of the liquld.As depicted in Figure 6, potentials do not lead to additional band-bending and do not
we hypothesize that the emission of electrons creates radicalaffect the photochemical reaction rate. Moreover, these purely
anions (Figure 6a) that most likely operate by abstracting a H electrochemical reactions do not lead to functionalization of the
atom from the H-terminated diamond surface, creating an surface.
unsaturated carbon “dangling bond” at the surface (Figure 6b,c). Photoelectrochemical vs Electrochemical Functionaliza-
We note that alkenyl anions have very diffuse electronic tion. When a steady bias is applied between diamond electrodes,
structure$%51such that the Lewis dot structures in Figure 6 do there are two types of current that flow. In the absence of UV
not necessarily reflect the precise locations of the charges andillumination, there is a significant electrochemical background
unpaired electrons. Once such a surface radical species iscurrent that gives rise to the ohmic behavior in Figure 4a. In
formed, its reactions are likely similar to those for photochemical the presence of UV illumination, there is an additional photo-
functionalization of silicon, involving reactions of surface current or, more properly, a photoelectrochemical current. In
radicals with additional alkene molecules (neutral or radical) experiments where we have directly measured the current
in the liquid phase, as depicted in Figure 6d. between the positively and negatively biased diamond elec-
At higher voltages, our data demonstrate the turn-on of a trodes, the difference in current between “dark” and “il-
Faradaic process. While the nature of this reaction is not known, luminated” samples is typically very small, on the order of 1
the ~1.2 V window where there are no Faradaic reactions is nA, while the purely electrochemical background current can
very similar to that expected for water at pH’. Our TFAAD be much larger, 100 nA or more. Yet, Table 1 shows that the
has been vacuum distilled and is not expected to contain anypurely electrochemical integrated current is not effective in
significant amount of water, but it is nearly impossible to rule promoting the surface functionalizatioeven though it is
out trace amounts of water or other contaminants that might approximately 10 times larger than the UV-induced photoelec-
give rise to the 10Q resistance that we observe experimentally trochemical current This implies that the charge carriers
at large bias. The linedr-V curve in Figure 4a indicates that responsible for the photochemical functionalization are in
at these higher voltages the current is limited by a resistive different electronic states than those that induce the background
element, which we attribute to the resistance of the fluid electrochemical current. Since the band gap of diamond is 5.5
(TFAAD with possibly trace impurities such as water). The data eV, the Faradaic current that occurs with potentials as small as
indicate that as the applied voltage is increased above ap-~1 V must involve mid-gap states. In contrast, the electrons
proximatey 1 V and Faradaic processes become significant, responsible for initiating the photochemical functionalization
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are likely in higher energy states, such as the diamond Conclusions
conduction band. While the precise details of the states involved

in functionalizat_ion Qfdiamoqd remain uncgrtain, it i_s clear that diamond with organic alkenes occurs by a unique mechanism
the (_:harge carriers |r_1volved in photochemlcal_fgnctlonallzatlon in which reactive species are created immediately adjacent to
of diamond are distinct from those that participate in purely e gyrface via photoemission of electrons from the diamond
electrochemical reactions under moderate conditions. into the fluid. Our bias-dependent studies show how electric
Photochemical Patterning.Figure 3 shows that it is possible  fields can influence the reaction by controlling the diffusion of
to directly photopattern the spatial distribution of chemical photoexcited electrons in the conduction band. This underscores
groups on the surface. We achieved a spatial resolutior2f the importance of the high-energy conduction-band electrons
um using a simple contact mask. Since the fluid layer itself is in facilitating the reaction, as only these electrons have sufficient
likely ~25um in thickness, the resolution is most likely limited ~ energy to be ejected into the fluid and create radical species at
by the mask-to-substrate distance. The ability to pattern on this the solid-liquid interface. These reactive liquid-phase species
length scale is important mechanistically because in our facilitate the reaction by abstracting H atoms from the surface
proposed mechanism electron ejection creates reactive molecule&—H species, thereby allowing the surface to undergo radical
(such as radical anions) in the liquid phase. Our results suggesteactions with organic alkenes. To the best of our knowledge,

that any diffusion of reactive molecules in the liquid phase is the photoemission of electrons has not been used previously to
small enough that it does not degrade resolution on arg5 create well-defined monolayer films on surfaces of semiconduc-

tors or other materials. The use of photochemical methods to
directly pattern the spatial distribution of chemical functional
L g . roups provides a pathway for fabrication of more complex
surface termination can be divided into two stages: (1) the gurfa?:espthat take ad?/antagg of the very high stability ofdiar[T)mnd
creation of a surface dangling bond and (2) the subsequentynq the apility to control its chemical, biochemical, and physical
reaction of the dangling bond with olefinic groups of the ,onerties by controlling the chemistry of the surface.
adjacent liquid. The reaction of surface dangling bonds with

liquid-phase alkenes has been widely established in a number Acknowledgment. This work is supported by the National
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