JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

The Surface Conductivity at the Diamond/Aqueous Electrolyte Interface

Jose A. Garrido, Andreas Hrtl, Markus Dankerl, Andreas Reitinger,
Martin Eickhoff, Andreas Helwig, Gerhard Mller, and Martin Stutzmann

J. Am. Chem. Soc., 2008, 130 (12), 4177-4181 » DOI: 10.1021/ja078207g
Downloaded from http://pubs.acs.org on February 8, 2009

HREF 0.1
Diamond

Electrolyte
: IUG 0.0 06
- Gate potential (V)

Surface
conductivity (mS)

o
o

I

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja078207g

JIAICIS

A RTI

CLES

Published on Web 03/04/2008

The Surface Conductivity at the Diamond/Aqueous Electrolyte
Interface

Jose A. Garrido,*' Andreas Hartl,” Markus Dankerl,’ Andreas Reitinger,T
Martin Eickhoff,” Andreas Helwig,* Gerhard Muller,* and Martin Stutzmann?

Walter Schottky Institut, Technische Weaisitad Minchen, Garching, Germany, and EADS
Innovation Works Germany, EADS Deutschland GmbH, Munich, Germany

Received October 30, 2007; E-mail: garrido@wsi.tum.de

Abstract: We investigate the origin of the surface conductivity of H-terminated diamond films immersed in
aqueous electrolyte. We demonstrate that in contrast to the in air situation, charge transfer across the
diamond interface does not govern the surface conductivity in agueous electrolyte when a gate electrode
controls the diamond/electrolyte interfacial potential. Instead, this almost ideally polarizable interface allows

the capacitive charging of the surface. This description

resolves the observed disagreement of the pH

sensitivity of the diamond surface conductivity in air and in aqueous electrolyte.

Introduction

electrochemical reactichTogether with the wide band gap of
diamond, the large negative electron affinity of the H-terminated
diamond surface enables the charge transfer between diamond
1989! different models have been proposed to explain this @nd the adsorbate layer, making this surface conductivity a
intriguing phenomeno#:4 The diamond SC, with a value up  Unique characteristic of H-terminated diamond surfaces. Several

to 104 S at room temperature, is characterized by a concentra-9"0UPS have i”Ye_Stigat?d_ the dependence of th? SCof diamond
tion of holes in the range 8-10% cm2, with carrier mobilities films on the acidity/basicity of the atmosphere in contact with

Since the first report of surface conductivity (SC) in
hydrogen-terminated diamond films by Landstrass and Ravi in

between 10 and 100 &1 s, or even highef:7 It was the surface and have confirmed the response predicted by the
initially suggested that the hydrogenation process resulted in

the formation of hydrogen-related shallow acceptor levels, which €©"

could explain the observed p-type SElowever, experiments
performed in UHV and air revealed that, in addition to the
surface hydrogenation, exposure to air was a necessary conditio
for the SC34 It was also reported that the chemical composition

of the atmosphere in contact with the diamond surface strongly
influences the SC. Based on these experiments and taking into

account the negative electron affinity of H-terminated diamond
surface$ Maier et al. introduced the transfer doping motikl.

was proposed that a redox reaction in an adsorbed water layer

transfer doping model, an increase of the SC for more acidic

ditions?-9:10
Motivated by the expected chemical sensitivity of the
diamond SC, different groups have investigated the response

pf SC H-terminated diamond films immersed in aqueous

electrolytesi’~13 By using a gate electrode to control the
electrochemical potential of the electrolyte, the conductivity at

the diamond surface could be modulated, which was used by

Kawarada and co-workers to fabricate the first diamond-based

solution-gate field effect transistor (SGFETHowever, it was
soon observed that the variation of the surface conductivity with

present at any surface in air, provides the electron acceptor levePH did not follow the expected trend predicted by the transfer

necessary for the accumulation of subsurface hol€bus,
thermodynamic equilibrium between the electrochemical po-
tential of the electrons involved in the redox reaction and the
Fermi level of electrons in the diamond is reached by charge
transfer across the diamond/air interface. Maier et al. initially
proposed that the 4#D*/H, redox couple was involved in the
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doping model~13 Nebel et al. have reported a pH dependence
in agreement with the transfer doping modéehut we have
recently demonstrated that the experimental setup they have used
alters the interpretation of their resutsThus, although most
experimental results of SC diamond films in aqueous solution
are in clear disagreement with the transfer doping model, this
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model has been invoked almost unanimously to explain the SC a) b)
of H-terminated diamond films operated in aqueous electrolytes. -40 . TRy

In this work, we discuss the validity of the transfer doping = : 0.10 |
model for the SC of diamond films immersed in an aqueous 5;_30_ E |
electrolyte when a gate electrode is used to control the diamond/ — w, | @ 008}
electrolyte interfacial potential. We argue that under these E 2 1E
conditions no charge transfer across the interface is required to 'g 20k J § 0.06 |
induce the SC and, therefore, the transfer doping model does g g
not hold. Instead, we propose that the almost ideally polarizable 'g 13 0.04
diamond/aqueous electrolyte interface allows for the capacitive ; 101 18
charging of the surface. This description unifies the observed g 0.02 1= 50 em?/Vs-
disagreement of the pH sensitivity of the SC in air and aqueous ol B u=r02v |
electrolyte. s s s . 0.00

00 <02 -04 <06 02 00 -02 -04 -06

Experimental Section Drain source voltage, U [V] U, V]

We have investigated surface-conductive H-terminated single- Figure 1. Device characterization of solution gate field effect transistors
crystalline diamond films. Commercially available (Element Six BV, ~based on H-terminated surface-conductive single-crystalline diamond: (a)
The Netherlands) natural lla 100-oriented single-crystalline diamond transistor characteristics, showing the drain source current versus the drain

urce voltage for different gate potentials; (b) variation of the surface
substrates have been used. The surface roughness was as low as oznductivity of H-terminated diamond with the applied potentiaF —Ug).

nm rms, as determined by AFM measurements. The samples Werethe syrface conductivity disappears fmore negative thar-0.3 V. For
cleaned in acids in order to remove possible metal contamination, andy > 0 V, the surface conductivity increases almost linearly with the applied
then chemically oxidized. Finally, the samples were hydrogen- potential, in agreement with the capacitive charging of the interface described
terminated using a hot-filament setup. The samples were heated in ain the text. The ;h_adowgd area corresponds to the calculated va_Iues of the
vacuum chamber to a temperature of 7@ H, was introduced and surface_ conc_luctlwty derived _from our model based on _the experimentally
activated with two 2100C hot tungsten wires. The hot sample was determined |nt?ﬁaf|al capacitance ofiB/cn? and mobl_lltles be_tween 50

. ; - and 100 crA V-1 sL. The experimental data (open circles) fit very well
exposed to hydrogen radicals for 30 min and cooled in hydrogen \ithin that region.
atmosphere. Contact angles of around 8&veal highly hydrophobic
surfaces, typical of H-terminated diamond surfaces. More details about
the sample preparation can be found in refs 12 and 16. Electrical E
characterization confirmed a typical value of the surface conductivity 5 .
on the order of 10* Q1. Hall experiments performed in air show J)@“"““"‘:-IJ eV / T = -1.0eV

= E,

Energy, Energ}:

carrier concentration of holes of abouti6m2 and mobilities between |  J[~ 7777~ Eyic
50 and 100 crhV~! s, Solution-gate field effect transistors were E.
fabricated as previously describ&d? Ti/Au contacts were deposited —
by electron-beam evaporation, acting as drain and source contacts. Thg EA'ga:gcn
1 x 1 mn? active area between these contacts was defined by oxidizing
the sample area outside in an oxygen plasma, leaving just the active]
area hydrogen-terminated and conductive. Chemically resistant silicone
glue was used to prevent direct contact between any metal and the]
electrolyte, and only the active area was exposed to the solution. The
devices were operated as working electrodes in a three-electrode] >
electrochemical cell, consisting of a Ag/AgCl reference electrode and | Diamond | Air Diamond | Electrolyte
a Pt counter electrode. A commercial potentiostat controls the elec- l |
trochemical cell. All potential values quoted here are referred to the +I{J-
Ag/AgCl electrode. The sign convention for the gate voltade) (is
Ug = —U, U being the potential applied to the working electrode with  Figyre 2. Schematic representation of the energy band diagram of the
respect to the reference electrode. The standard electrolyte is a 10 mMinterface between H-terminated diamond and (a) air or (b) aqueous
phosphate buffer solution, with additional 100 mM KCIl. Small electrolyte. Both cases show a negative electron affinity as a result of the
aliquots of HCI or KOH were added in order to modify the pH of the C—H surface dipole:y = —1.3 eV in the case of the diamond/air (with

: : adsorbate) interface and= —1.0 V in the case of the diamond/water
zi(e;;iorlny;i.ts-rhe electrolyte was partially deaerated 5 min before the interface. The position of the valence band maximum at the surfage,

is determined by the value @f The electrochemical potential for electrons
(ue) corresponding to the redox reactions of thg@H~ and H/HzO"
couples are shown in panel a in the pH range from 0 to 14. It is assumed

. that in thermodynamic equilibrium, reached by charge transfer across the
Figure 1shows the effect of the gate voltage on the surface interface, the Fermi level is aligned with theof the Q/OH~ electrochemi-

conductivity. The linear and saturation regimes of the drain- cal reaction. In the case of operation in agueous electrolyte, all applied

source current together with the modulation of the gate voltage voltages are referred to the level of the reference electroder( A

(Figure 1a) resemble the behavior of transistor devices. Figureposmvely applied potentiall{) with respect to the reference electrode
L .. . induces the hole accumulation at the diamond surface.

1b shows the variation of the surface conductivity with the

applied gate potentialg: For Us > 0.3 V, no surface

conductivity was observed. For & Ug < 0.3 V, the SC

increases nonlinearly withlg, while for Ug < 0 V, a linear

Ey=-4.15 eV
B E,=-4.45 eV Hasa

Results and Discussion

increase is observed. In the following, band diagrams of
diamond surfaces will be discussed in order to understand the
gate voltage dependence of the SC. The energy levels are given
(16) Hatl, A.; Garrido, J. A.; Nowy, S.; Zimmermann, R.; Werner, C.; Horinek, with respect to the Vacuu_m _reference' Figure 2a repre§ents the
D.; Netz, R.; Stutzmann, Mi. Am. Chem. So@007, 129, 1282. currently accepted description of the hydrogenated-diamond/
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air interface, with a negative electron affinity gfcu'm= —1.3
eV, as measured in a vacudrihe position of the valence band
maximum at the surfacds(s) is determined byVacuUmand the
band gap, sd&ys = —(Eg + x¥a'M, with Eg = 5.45 eV and

as assumed in ref 17. We have recently performed detailed
molecular dynamics (MD) calculations of the H-terminated

diamond/water interface and demonstrated that, due to hydro-
phobic interactions, water molecules are partially oriented in

Evs = —4.15 eV. Maier et al. have suggested that under a the first few layers® This is not a unique characteristic of

slightly acidic atmospheric condition (pH 6), the electro-
chemical potential for electrongid) involved in the redox
reaction B + H,O < H3O"™ + e~ was about 4.26 eV below

diamond, but results from the hydrophobic nature of the
H-terminated surfac® The partial orientation of the water
molecules induces a nonzero interfacial dipole which enters in

the vacuum level, and thus was an acceptor level for electronsthe calculation of the electron affinity!'a®" = yc_c + eypc—n

from the diamond valence baAddowever, the value of the
electron affinity measured in a vacuum is most likely different
than that in air. Piantanida et al. have estimated the contribution
of a monolayer of water molecules to the surface electron
affinity using basic electrostatic considerations and tabulated
values of electronegativity of C, H, and,®.1” They reported
that the electron affinity in the presence of water was increased
by +0.8 eV, which would result in a total value gfaer =

—0.5 eV. However, this model assumes all interfacial water %3¢ = —

molecules to be equally orientétineglecting the very important
microscopic structure of the water at the diamond interféce,

+ eywater The second term in this equation corresponds to the
C—H interfacial dipole, which together with the first term
(corresponding to the electron affinity of a clean reconstructed
diamond surface) amounts to a value-61.3 eV. From the
MD calculations reported in ref 16, the expected value for the
contribution of the ordered water molecules is abap&r =
+0.4 eV. Therefore, the expected valuefifs'= —0.9 eV is

in agreement with the value estimated from our experiments,

exp 1 eV. However, we would like to point out that this

value of the electron affinity depends on the quality of the

surface hydrogenation and can also depend on the pH if

as will be discussed below. In any case, the presence of waterhydroxide ions adsorb at the surfaée.

is expected to modify the value of the electron affinity and,
thus, the position oEys. It was proposed that due to the position
of Eys more negative thar-4.26 eV, other redox couples
involving oxygen (for instance, the fDH™ redox couple, @

+ 2H,0 + 4e~ < 40H" in Figure 2a) were more likely to be
responsible for the SC effe®fTo the best of our knowledge,

In the description of the modulation of the SC with the applied
potential, we have not mentioned the process of charge transfer
across the interface as a mechanism for the formation of SC.
Instead, we have described a situation in which the SC is
induced by capacitive polarization of the interface. Assuming
an ideally polarizable diamond/electrolyte interface, that is, no

the exact nature of the electrochemical redox couple remainscharge transfer is allowed across the interfidtbe application

unclear.
A different situation arises in the case of H-terminated

of the potential between the solution and the diamond surface
provides the required positive charges at the interface. The

diamond surfaces immersed in an aqueous electrolyte when theassumption of ideal polarizability of the diamond surface is

potential at the diamond/electrolyte interface is determined by
active control with a potentiostat (Figure 2b). In this situation,

the potentiostat forces a new equilibrium by fixing the potential

drop betweenEr in the diamond sample and the reference

electrode. Therefore, no thermodynamic equilibrium exists
betweenrEr and the redox couple responsible for the SC in air.

For increasing negative gate potentiblg, the position ofEr

is driven further below the valence band maximum, increasing

completely justified in this case, because the applied potentials
are within the electrochemical potential window of diamond.

In this potential region, Faradaic current across the diamond/
electrolyte interface was not observed. We have performed
electrochemical impedance spectroscopy measurements at the
hydrogenated-diamond/electrolyte interface revealing that in the
potential region+0.1 < U < +0.8 V, the interface behaves
almost like an ideal capacitor, with a value of ab@t= 2

the accumulation of holes at the diamond/electrolyte interface. uF/cn?.2° Thus, the surface conductivity can be calculated as

In contrast, if the applied potential is reversed and more positive
gate potentials are applieBr at the diamond surface will be

o = qup, whereu represents the hole mobility amdthe hole
carrier density. Using our simplified description of the interface,

pushed eventually above the valence band maximum, and thewe can therefore calculate from the voltage drop at the

SC channel will finally disappear. Indeed, this is in agreement
with our experiments, as shown in Figure 1b. In a first
approximation, the position dEys can be derived from the
conductivity-Ug curve, assuming that whdf(Ug) = Eys no
accumulation of carriers occurs at the surface of diamond and

interfacial capacitanc€,, p = CU)/g. This interfacial voltage

U, can be related to the applied gate potentiallpy= —Ug +

Uy, beingUy a constant taking into account the threshold voltage
and the effect of possible adsorbed surface chrgéus, the
total conductivity can be written as= uC;(—Ug + Uy), which

the SC vanishes. From Figure 1b, we estimate that this occurspredicts a linear dependence between the conductivity and the

whenEys is about 0.2-0.3 V more negative than the reference
electrode 4.7 eV), soEys is between 4.4 and 4.5 eV below
the vacuum levelEyac. Therefore, the electron affinity of the

H-terminated diamond surface immersed in an aqueous elec-

trolyte can be estimated by'a'= —(Eys+Eg)~ —1.0+ 0.5

eV. In Figure 2b we have useg'ae = —1.0V, which is
significantly higher than the value 6f0.5 eV predicted by
Piantanida et al’ This is not surprising, since we do not expect
all the water molecules with the same orientation at the surface,

(17) Piantanida, G.; Breskin, A.; Chechik, R.; Katz, O.; Laikhtman, A.; Hoffman,
A.; Coluzza, CJ. Appl. Phys.2001, 89, 8259.

applied potential, with a slope given by the produ€. Figure

1b shows the variation of the surface conductivity as a function
of the applied potential (same device as in Figure 1a), confirming
the linear dependence for gate potentials below 0 V. We have
calculated the slope of such a dependence for a series of devices,
and the resulting averaged value of the slope-i$.85+ 0.15)

x 1075 S/V. Using the measured value 6f = 2 uF/cn? and
standard values of the mobility between 50 and 106 ¥m!

(18) Netz, R. RCurr. Opin. Colloid Interface Sci2004 9, 192.

(19) Bard, A.; Faulkner, L.Electrochemical Methods: Fundamentals and
Applications 2nd ed.; J. Wiley: New York, 2001.

(20) Garrido, J. A.; Nowy, S.; H#, A.; Stutzmann, M.Langmuir, in press.
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a) b) NHs produces the opposite effect as its reaction with the
0.060 — —— 0.132 ——— adsorbed water releases hydroxide ionsgNHH,O — NH,*
@ PH9.05 + OH~. Therefore, while N@is expected to decrease the pH
0.055 - NO, /| of the adsorbed water layer, NHill increase the pHO As
7 0.130 | Pr s T discussed before, the transfer doping model assumes thermo-
E 0.050 I dynamic equilibrium betweelis in the diamond andie of
£ ¢ electrons involved in the reaction of the redox couple®H
B 01281 | T H, or O,/OH~. As can be understood from Figure 2, a decrease
2 00451 : : _ . .
g \ of pH will move z. further down, forcingEr deeper into the. .
o ! pH 8.5 diamond valence band; as a result the surface conductivity
0.040 - 012614 increases. The opposite occurs when the pH increases; the SC
,lpH 8.3 decreases. The effect of N@nd NH, as shown in Figure 3a,
0.035 L~

is in agreement with this explanation. Interestingly, the response

of the SC to NQ and NH; is very slow, as expected from the

. s R  the surf ductivi " i slow kinetics of electron transfer across the diamond/water
igure 3. Response of the surface conductivity upon changes of the . . v e .

chemical and electrochemical environment. Panel a summarizes the resulténterface' Using metal-oxide _gas sensitive devices (_results not

of the in-air experiment, showing the effect of @nd NH; on the SC in shown here), we have confirmed that the adsorption of gas

a synthetic air atmosphere. The addition of 50 ppm;Nults in a SC molecules is very fast and does not limit the sensing mechanism,

increase (soll_d symbols), while 5000 ppm of pidduces a SC dec_rease. in agreement with previous repoﬁt'?sfl'he response of the SC

As discussed in the text, N@nd NH; are expected to decrease and increase . fth H of th | | is sh in Ei

the pH of the adsorbed water layer, respectively. The slow response is thel0 @ variation of the .p .0 t € ?eCtrO yte Is shown in Figure

result of the slow kinetics of charge transfer across the interface. Panel b 3b. In contrast to the in air situation, a decrease of the pH results

corresponds to the in-electrolyte experiment, showing the SC response uporin g SC decrease, which is opposite to that expected from the

pH changes. The experiment was performed in a 90 mM KCI/10 mM PBS : . :

buffer, with Us = —0.5 V andUps — ~ 100 mV. The pH was modified by transfer gloplng model. In a_lddmon, the tran‘_5|en_t upon_ pH

the addition of HCI or KOH. The SC increases with increasing pH, which changes is much faster than in the case of the in air experiment

is the opposite of the result observed in air. Furthermore, the response is(Figure 3a). These results indicate that when a SC diamond

0 250 500 750 0 100 200 300
time (s) time (s)

much faster compared with the in air situation. device is operated in an electrolyte with a gate potential control,
. ] o ] the variation of the SC upon pH variations does not occur due
s, the theoretical prediction of the slope isX.5+ 0.5) x to charge transfer across the diamond interface. Instead, other

107° S/V, in excellent agreement with the experimental results. 1y sensitivity mechanisms must be invoked. We have previously
The shadowed area in Figure 1b represents the theoretical valuegiscyssed how using a description of the diamond/water interface
of the surface conductivity expected from our description of 55ad on the site-binding mo@&tan allow explanation of the
) - -

the SC, assuming mobilities betwesn 50 and 10_6 em s~ correct pH dependend@.In addition, the adsorption of OH
There we have used a value bk = 0.2 V, which can be 54 O* jons onto the H-terminated diamond surfiosould
assigned to the threshold voltage of thg dewcg.. So.far, we haveygq explain such pH dependence. However, a detailed micro-
assumed a constant value of the carrier mobility, independentgqpic understanding of the pH sensitivity of diamond surfaces

of the applied gate potential. Recent in-liquid Hall-effect g g missing and not within the scope of this paper.
experiments revealed that this assumption is not completely

valid 2! However, the required small corrections do not alter Conclusions

the overall description presented here. In summary, we have presented a description of surface-
To further demonstrate the different response of the SC in conductive H-terminated diamond devices operated in electrolyte
air (when the transfer doping model can be applied) and in with a gate potential control. We suggest that under the control
liquid, we have investigated the time transients of the SC upon of 3 gate electrode with a potentiostat and in certain potential
changes in chemical and electrochemical environment. Figurerange, the diamond/electrolyte interface behaves like an almost
3a displays conductivity transients of a surface-conductive ideal capacitor, allowing the capacitive charging of the interface.
H-terminated diamond sample exposed to an atmospheregyr model agrees very well with the measured gate voltage
consisting of synthetic air to which N(r NHs are added. A gependence of the surface conductivity. In addition, we report
more detailed description of these gas-sensing experiments hagow the pH dependence of the SC differs for in air and in liquid
been given recent Upon exposure of the diamond sample  gperation. While the transfer doping model applies for the
to a NO-containing atmosphere, a slow increase of the SC was gperation in air, the pH response for in liquid operation cannot
observed. The opposite effect was observed whegwiis used,  pe explained by that model. The very different time constants
which induces a SC decrease. These results can be rationalizegf the responses observed under in air and in liquid operation
using the transfer doping model description of the SC as follows. support the suggestion of two different charging mechanisms
Under the conditions of these experiments (in air, without any at the diamond surface: (i) electron transfer across the interface,
gate potential control), the modification of the SC upon gag suggested by the transfer doping model, for in air operation
variations of the chemical environment results from the effect 3n (ji) capacitive charging, in which no charge transfer across
of the added gases on the electrochemical potential of electronse interface is required, for a gate-controlled in liquid operation.

(ze) in the adsorbed water layer. Thus, hiBcreases the acidity  |nterestingly, a SC diamond electrolyte gate field effect transistor

of the adsorbed water layer, as expected from its reaction with

water: NQ + 2H,0O — NO3~ + H3O* + 1,H,. In contrast, (22) Kong, J.; Franklin, N. R.; Zhou, C.; Chapline, M. G.; Peng, S.; Cho, K.;
Dai, H. Science200Q 287, 622.

(23) Yates, D. E.; Levine, S.; Healy, T. W. Chem. Soc., Faraday Trarnk974

(21) Dankerl, M.; Stutzmann, M.; Garrido, J. A. Unpublished work. 70, 1807.
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behaves like a MOSFET device (with the metal replaced by sensitivity of the diamond surface conductivity in air and in
the solution gate) in which there is no insulating layer preventing agueous electrolyte.

carriers crossing the interface. A similar conclusion has been
recently reached by Song et?4lHere we suggest that the very
slow kinetics of electron transfer at the diamond/electrolyte
interface play the role of the insulating barrier. Finally, our
description resolves the observed disagreement of the pH
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