AlP | e

p H sensors based on hydrogenated diamond surfaces
Jose A. Garrido, Andreas Hartl, Stefan Kuch, Martin Stutzmann, Oliver A. Williams, and R. B. Jackmann

Citation: Applied Physics Letters 86, 073504 (2005); doi: 10.1063/1.1866632

View online: http://dx.doi.org/10.1063/1.1866632

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/86/7?ver=pdfcov
Published by the AIP Publishing

AIP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1159426268/x01/AIP-PT/APL_ArticldDL_012214/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Jose+A.+Garrido&option1=author
http://scitation.aip.org/search?value1=Andreas+H�rtl&option1=author
http://scitation.aip.org/search?value1=Stefan+Kuch&option1=author
http://scitation.aip.org/search?value1=Martin+Stutzmann&option1=author
http://scitation.aip.org/search?value1=Oliver+A.+Williams&option1=author
http://scitation.aip.org/search?value1=R.+B.+Jackmann&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.1866632
http://scitation.aip.org/content/aip/journal/apl/86/7?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 073504(2005

pH sensors based on hydrogenated diamond surfaces

Jose A. Garrido,® Andreas Hartl, Stefan Kuch, and Martin Stutzmann
Walter Schottky Institut, Technische Universitat Minchen, Am Coulombwall, 85748 Garching, Germany

Oliver A. Williams and R. B. Jackmann
Department of Electronic and Electrical Engineering, University College London, Torrington Place,
London, WC1E 7JE, United Kingdom

(Received 20 September 2004; accepted 14 December 2004; published online 9 February 2005

We report on the operation of ungated surface conductive diamond devices in electrolytic solutions.
The effect of electrolytgoH on the channel conductivity is studied in detail. It is shown that fully
hydrogen terminated diamond surfaces areptbsensitive. However, a pronouncpH sensitivity

arises after a mild surface oxidation by ozone. We propose that charged ions from the electrolyte
adsorbed on the oxidized surface regions induce a lateral electrostatic modulation of the conductive
hole accumulation layer on the surface. In contrast, charged ions are not expected to be adsorbed on
the hydrogen terminated surface, either due to the screening induced by a dense layer of strongly
adsorbed counter-ions or by the absence of the proper reactive surface groups. Therefore, the
modulation of the surface conductivity is generated by the oxidized regions, which are described as
microscopic chemical in-plane gates. Tipl sensitivity mechanism proposed here differs
qualitatively from the one used to explain the behavior of conventional ion sensitive field effect
transistors, resulting in pH sensitivity higher than the Nernstian limit. )05 American Institute

of Physics[DOI: 10.1063/1.1866632

Hydrogen-terminated diamond surfaces have recently redesorption at reactive oxygen surface grocﬂp!as will be
ceived much attention due to their potential use as transduceliscussed in this letter, surface conductive diamond ISFETs
elements in biosensing devices. The functionalization oftan be fabricated using an alternative design. We will show
H-diamond surfaces with DNA oligonucleotides has beerhow the existence of a quasi-two-dimensional conductive
successfully demonstrated in a pioneering paper by ¥&ng path at the H-terminated diamond surface can lead to new
al., pointing out that diamond thin films can be used as stableletection schemes which have advantages compared to con-
and selective platforms onto which biomolecules can beventional ISFETS.
integrated. In addition, our group has recently reported the  This letter describes the operation of H-terminated dia-
operation of enzyme-based nanocrystalline diamonanond devices in electrolytic solutions. The effect of {ité
electrode$. These reports confirm the superior chemical stavalue on the surface conductivity is discussed in terms of
bility of diamond films compared, for instance, to gold, oxygen-induced reactive surface sites which act as micro-
glass, or silicon, which are conventionally employed as subscopic in-plane chemical gatgstH sensitivities higher than
strates for biomolecule attachment. 59 meV/pH, the Nernst limit, are reported.

Complementing the outstanding properties of diamond Devices were fabricated on nonpolished free-standing
as an interface to biological systems, and in order to fullypolycrystalline diamond substrates which were prepared by
exploit the potential of diamond in the biosensor area, differmicrowave plasma assisted chemical vapor deposition. The
ent detection schemes have yet to be developed to transduttéckness of the diamond films varied between 200 and
biochemical reactions into electronic signals. lon-sensitivel mm, the area was about mn¥. Prior to hydrogenation
field effect transistor§ISFET9 have been combined with and in order to remove any nondiamond component at the
biological receptorgenzymes, oligonucleotides, and cglls substrate surface, the diamond samples were cleaned in
and can be considered as a basic building block of micro€rO;/H,SO, during 1 h at 180 °C, followed by a J®, so-
electronic biosensors? So far, there have only been a few |ution (30% concentratedor 15 min. The previous cleaning
reports investigating the applicability of diamond-based ISprocess induces an oxygen termination of the diamond sur-
FET deviceS® The p-type conductive layer which is in- face. In a final step, samples were hydrogenated in a micro-
duced at the diamond surface by a hydrogen termination hagave plasma for 5 min at 500 °C. Room temperature Hall
been suggested as a very promising sensing system to k&periments were performed to evaluate the electronic prop-
used in a liquid electrolyte environment. For example, modi-erties of the surface conductivity. It was found that the sur-
fied H-terminated diamond surfaces have been reported to lface conductivity is typically characterized by a concentra-
sensitive to Cl and Br ions. However, the sensitivity of tion of holes in the range of 810°-5x 10 cmi? with
diamond surfaces to changes in thel of the electrolyte  mobilities varying between 10 and 140 gm1s
solution is still elusive’. “Conventional” ISFETs are based on Devices were fabricated by standard photolithography
an insulatofoxide)/semiconductor multilayer system, and processing in combination with oxygen plasma isolation to
their pH sensitivity is attributed to changes of the insulatordefine the active area, which is aboutx3 mn?
surface potential which results from ion adsorption/Ti(200 A)/Au(2000 A) contacts were deposited as drain and
source contacts using electron-beam evaporation. The pro-
author to whom correspondence should be addressed; electronic maif€SSed diamond substrates were mounted in a ceramic
garrido@wsi.tum.de holder, and the drain and source metal contacts were bonded
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FIG. 1. Variation oflpg with the pH of the electrolyte for a hydrogen-
terminated diamond devideurve a and for an ozone-treated devi@airve UGs W)
b). The potential of the electrolyte was fixed by a potentiostat at -0.5 V withg g 2. lbs~Ugs curves of an ozone-treated device as a function of the
respect to the source contact. electrolyte pH.

t0 Au metal pads evaporated on the cer_amic holder. To Pr%hown in Fig. 1(curve B. The response of the device to the
vent any cc_)ntact betyveen th.e.’ metal regions and the eIECtr9:'hange in thepH is almost immediate, without a significant
lyte, chemically resistant silicone glue was employed to

dtrift of the drain—source.
cover the metal contacts and pads. The gate area exposed © The sensitivity of an ISFET is normally given in terms
the electrolyte is the same as the active area, i.e., %ft

%3 mnt he change of the gate potential equivalent to a change of

9
The ceramic holder with the diamond device was used a?'i’ SSSGCS{J?S:S d :Si?:tecda% ;’iz gxtlrv?ﬁéidsggvrz ﬂ:;e SGe; of
DS™ R u

the working electrode in a three-electrode eIectrochemican . ;
. . ependence of an ozone-treated device at diffepeht/al-
cell, equipped with a Ag/AgOI3M saturated KQlreference ueg. Figure 3 compares theH sensitivity of diamond de-

electrode and a Pt wire counter electrode. A commercial po-,
tentiostat(BANK LB81M) was used to control the electrode vices befordas-hydrogenatgand after the ozone treatment.

tentials. Th . tal set I the simult In general, nopH sensitivity was observed in H-terminated
potentials. 1he experimental Setup aflows thé SImultan€oug;, ,nng devices which were not treated with ozone. How-
recording of the drain—source and the gekectrolyte—

. ever, we have also found that nominally H-terminated de-
source voltage. All the potential values are referred to the{/ices with a poor conductivitywhich can be attributed to a
Ag/AgCl electrode.

. . . . nonoptimum hydrogenation procg¢sshowed lowpH sensi-
The electrochemical cell is also equipped withph tivity, typically about 25 mVpH. In contrast, the surface

meter and a thermom_eter. A stirrer guarantees a homog(?ﬁodification induced by the ozone treatment gives rise to a
neous e]ectrolyte environment. Al experiments were pere .. linearpH sensitivity in thepH range from 2 to 10
formed in a 100 mM KCI saline solution buffered with a [curve c in Fig. 3. Further exposure of the device surface to

phosphate buffe{10 mM), which allows a controllecpH ozone results in an increase of thid sensitivity[curve d in

change in the range from 2 to 12. Fig. 3]. Surprisingly, thepH sensitivities reported in Fig. 3,

. Th_e pH value_of the KCl glectrolyte was varieo! by tij[ra- 63 and 72 mVpH, are larger than the theoretical maximum
tion with potassium hydroxiddKOH) or sulphuric acid predicted by the Nernst limit, which is 59.2 mw_g

(H,S0,), and was monitored with a calibrateti meter. To In order to understand the experimental results it is im-

induce apH sensmwty, H-terminated surfaces were modified portant to consider the peculiarities of these diamond de-
by means of a mild ozone treatment. Ozone was generat&gces. As explained before, hole accumulation occurs under-
by a commercial systertander Lab-Ozonisatousing arc-  neath the hydrogen-terminated diamond surfaces. Therefore,

discharges. During the ozone treatment, which was pemnen immersed in an electrolyte the large density of accu-
formed at a temperature of about 90 °C, the surface conduc-

tivity was monitored by measuring the drain—source current
at a fixed drain—source voltage of —100 mV. The ozone treat-
ment duration was varied between 1 min and hundreds of
minutes, which produces a variation of the sample conduc-
tivity between 10* and 10® Q™1 cmi .

The drain—source curreiiipg) was measured while the
electrolyte was titrated and thgH varied between 3 and 10.
During the experiments the value of the applied drain—source
voltage was —100 mV, and the gate-soufté#;g voltage
was kept constant at —=500 mV. Curve a in Fig. 1, which 06F 2
depicts a plot of thdpg versus time as a function giH
shows the result obtained in a device which was not treated

H-terminated © O}
Ozone-treated w &

m/ 4
with ozone, and therefore with a H-terminated surface. No osp [PWH
noticeable or only a very small variation ks was typically 2 4 6 8 10
observed in devices with a H-terminated surface. However, pH

after the devices were treated with ozone, an evident chang€s. 3 pH sensitivitmV/pH) of freshly hydrogenated devicdsurve a
of the drain—source current versygi was observed, as and b compared to ozone—treated diamond devicesve ¢ and i
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Feterencelgatsipotantal tional” ISFETs based on an insulator/semiconductor
SEIsibe structuré® in which electrochemical processes of ion

area

i adsorption/desorption are directly transduced into a homoge-

non-sensitive
area
variable

fixed counter-ions
charge

e e ! neous potential change at the device surface. This potential
= HHOIS) @G)' [ = change, which follows the Nernst equation, modulates the
0 -o‘ '+H+H+H+H"0 O channel conductivity under the insulator layer. From a device

D S S ] point of view, the surface potential directly translates into a
e = =T _g threshold voltage variatiohThus, thepH sensitivity is mea-

B =) sured as a shift of théys—Ugg curves, similar to the one
observed in Fig. 2, with a maximum sensitivity of
59.2 mV/pH. In contrast, for surface conductive diamond
Li%']fﬂl‘a'tse ;Tﬁggrdfr‘]’eb:tt";‘:gri‘ng’;’gd%'ifgg:‘;‘sjrf;ecﬁgo?/; '?r?'e;:zgd?”'y a§SFETSs it is not possible to establish such a straightforward
fies the adsorbed charge only at the oxidized regions,yingijcing a Ia‘cerérlel"’t[Ion ben_Neen the Surf.a(.:e poten_tlal modulation induced by
modulation of the conductive channel. ion adsorption at the oxidized regions and the surface con-
ductivity in the neighboring hydrogenated regions. The
Epwodulation of the surface potential at the oxidized regions,
which is induced by ion adsorption, is still governed by the
&lernst equation. However, the coupling between this surface

hand, there is no hole accumulation at the non-H-terminate . ]
surfaces(i.e., in the oxygen terminated regiondn the case potential and the conductive channel can lead to the supra-
. NernstianpH sensitivity observed in Fig. 3, depending on

of hydrogen-terminated diamond surfaces, none or very Io;/L

mulated holes in the diamond will be counterbalanced by
dense layer of adsorbed iofisee Fig. 4 On the other

pH sensitivity has been measured, which might indicate th he pe_rcolagon peha\gor of theh mterconnec(;eéj c_onducuve
the density of adsorbed counter-ions is mainly determined by —teémlnate ' regions et\r/]veen the Zpudrce :n br?]'n (_:ontacfts.
the amount of accumulated holes. Therefore, changes in t F ur'nmtaijmdr)g, Wg ?ve tstu '?t the et' avior IO i
pH of the electrolyte are then screened by the adsorbe erminated diamond surtace transistors operating In €lec

counter-ions. A different explanation could be based on th r_ontic solutions. Our results shpw that fully H-terminated
glamond surfaces are not sensitive to changes opkheln

assumption that there are no reactive groups at th . o .
H-terminated surfaces which can interact with protons in thecontrast, H-terminated surfaces modified with C-O bonds by

solution. Both situations lead to the same resultM€ans of ozone-treatment show cleat sensitivity. Charge

H-terminated surface areas can be considered as nonsensit isorbed on O-terminated sensitive areas is able to modulate
ity regions, as confirmed by the experimental results. On th e conductivity of the n_elghborln_g H-term_m_ated cor_wductlve
other hand at oxidized regiofieeferred to in Fig. 4 asen- Channels by electrostatic interactions. Oxidized regions thus
sitive area$ the pH of the electrolyte is able to modulate the ach:t r?ngrtr?;?ila Cﬁersnelﬁzztii/ri]t_plane gates which give rise to
amount of adsorbed surface charge. Similar to the site bind4P P Y-

ing model for the Si@/electrolyte interface? the presence This work was partially supported by the Deutsche
of hydroxyl groups at the oxidized diamond surfaces can-grschungsgemeinschaft DRGFB 563 /B15.
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