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Temperature-dependent transport properties of hydrogen-induced diamond surface conductive
channels
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Hall effect experiments have been carried out in diamond surface conductive channels induced by hydrogen
termination. The conductivity and the Hall mobility have been studied as a function of temperature and carrier
concentration. The conductivity and Hall mobility are exponentially activated with temperature, with almost
identical activation energies, whereas the carrier concentration shows no or only a very weak temperature
dependence, as expected for metallic conduction. The activation energy is found to decrease with increasing
carrier concentration, until it almost vanishes. The experimental results are discussed in the frame of a model
based on large-range potential fluctuations which give rise to metallic and insulating regions coexisting at the
diamond surface. The conductivity and Hall mobility are analyzed using percolation theory. Below the perco-
lation threshold, transport occurs by thermal excitation over the potential barriers separating the metallic
regions. Above the percolation threshold, activated transport persists as the thermal emission over remaining
potential barriers contributes to reduce the resistance of long percolating paths. The experimental results have
been fitted using a model with three free parameters: metallic conductivity and mobility, averaged potential
barrier, and surface fraction occupied by insulating regions. The Hall mobility in the metallic regions has been
found to decrease with increasing carrier concentration, indicating a strong influence of surface scattering. The
contribution of variable-range hopping at very low temperatures is also discussed.
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[. INTRODUCTION transport characteristics of surface conductive diamond lay-
ers are governed by a narrow hole accumulation layer at the
The p-type surface conductive channel induced invalence band edge where disorder-induced localized states
hydrogen-terminated diamond surfaces is a very interestingre also present. Nebet al. reported a critical temperature
system to study the effect of disorder-induced localization orabove which carriers are mobile in extended states and below
the electronic transport properties of the accumulated holesvhich carriers are trapped in localized states. They assumed
The combination of surface hydrogen termination and thea classical mobility-edge model to explain their experimental
presence of surface adsorbates produces the accumulationresults, suggesting that above the critical temperature, the
holes in a surface channketwhere carrier concentrations up transport mechanism resembles that of carriers moving in
to 5% 10" cm™? have been reportetiThe holes are expected extended states.
to form a two-dimensional channel in the close vicinity of However, many Hall experiments carried out in Si/SiO
the diamond surface, as a result of the strong electric fieldsversion layers with large density of interface charges, and
perpendicular to the surface. Thus, the presence of chargederefore subjected to strong localization effects, have indi-
surface adsorbates and structural defects is expected to plagted that the transport properties in the studied temperature
an important role for the transport and scattering of holes irrange cannot be described by the Anderson mobility-edge
the surface channel. Additionally, a laterally inhomogeneousnodel®-8 On the contrary, an “anomalous” Hall effect was
hydrogen termination of the diamond surface should have eseported, in which the conductivity and Hall mobility were
similar effect as the surface adsorbates. Therefore, noticeablbermally activated with the same activation energy, which
surface potential fluctuations are expected, analogous to silicaried with carrier concentratioht® Long-range potential
con inversion layers with interface oxide charges, whichfluctuations’ hopping transport! and correlation effects
might give rise to carrier localization. Our main motivation have been proposed to explain the experimental reXults.
is to advance the understanding of the transport properties of In this paper, we reconsider the transport properties of
holes in conductive channels at the surface of hydrogenholes in two-dimensiona(2D) conductive channels at the
terminated diamond, which still are not well understood. Forsurface of hydrogen-terminated diamond samples. Low-
instance, various works have reported a large dispersion itemperature experiments have been carried out to understand
the values of the thermal activation energy of thethe reported large dispersion of the activation energy of the
conductivity®=® The activation energy has been reported toconductivity. Moderately high-temperature annealing was
vary depending on the sample characteristics, as well as thesed to vary the concentration of carriers in the conductive
atmosphergHe or vacuunm in which the experiment was channel of the same sample, and to investigate its influence
done? on the conductivity. Hall experiments have been performed
In a previous papet,Nebel et al. have reported low- to evaluate the impact of the expected surface disorder on the
temperature Hall experiments performed on surface condudransport properties. In the studied temperature range
tive diamond layers. The authors have demonstrated that tH80—300 K), we did not observe freeze-out of carriers. On
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the contrary, the conductivity and the Hall mobility show 4 ;. a) 1510° b)

exponential activation, with almost the same activation en- o T2 oy, ST

ergy. The activation energy increases with decreasing carrie .~

concentration. Several models explaining this behavior are’§ x10°¢ ST, {0}
discussed. In view of the results we have adopted an earlr-c.l s
model by Arnold who, using percolation theory, attributed > 10° $1 4 10°t J
the activation of the conductivity and the Hall mobility to the =
presence of long-range inhomogeneities in the samples, sugg w0l 1 ol ]
gesting that metallic and thermally activated conductivity co- é
exist over an appreciable range of carrier concentrétion.
Our results have been fitted using the model proposed by  10° SClla 10°} oy

Arnold with a very good agreement. However, at very low , , ,
temperature our experimental results depart from the theoret 3 4 0 10 2 30 40

ical prediction, a behavior that is attributed to the influence 1000/T (K" 1000/T (K"

of variable-range-hopping transport. Different parameters,

such as activation energy, metallic conductivity, and density FIG. 1. Temperature dependence of the conductivity between 30

of disorder-induced states, are discussed in the text. and 300 K.(a) Results measured in monocrystalline synthetic type-
Ila samplegS1 andS3). (b) Results obtained for an undoped poly-

crystalline sampléS3). Open and solid symbols correspond to the
Il. EXPERIMENT experimental results. The upper indein the labelSX indicates

Two different tvpes of undoped diamond samples wer that sampleSX was annealed at high temperatuf@s=500 K) i
ypP P P ‘%imes. Solid lines correspond to the calculation of the model de-

usedhln order to ﬁvaluate the possible _InflueSncehof Fhe Surfalllc&ribed in the text, whereas dashed lines represent the contribution
roughness on the transport properties. Synthetic type-llg, 5 japie-range hopping. Increasing the number of annealing steps

sipgle-crystal diamond samplésoth 100 and 111 orientgd results in a stronger temperature dependence of the conductivity.
with an average surface roughness below 1 nm, were used as

examples of low-roughness surfaces. On the other hand, in- . . . .
trinsic polycrystalline chemical-vapor-deposited diamondgnn?agnr?(?oo K W't? \garlafble t'mﬁ was lfsegttt%.tune thel_
samples with an average grain size of about 20g#A0and esired hole concentration for éach sample. IS annealing

about 50um of roughness were used to represent high—tempfr(";ltzuge’t tt::e C_E' bofnﬁsl are not ?ﬁpzcyed.dtothbe
roughness surfaces. Prior to any process samples we ectea,” but the number ol holes accumulated nside he

cleaned in aqua regia at 150 °C for 1 h, to remove meta||nversion layer is reduced because they are thermally excited

contamination at the surface. Then, the samples were chenfilt of the inversion channel. It has been shown that if the

cally oxidized in two steps: first with a solution of sample is kept in vacuum after annealing, carriers are not

CrO3/H,SO, at 150 °C for 1 h, and afterward in a mixture able to repopulate the chanriél.

of H,0,/NH,OH at 150 °C for 1 h. In addition to the oxy-

gen termination of the diamond surfaces, this chemical treat-

ment is know to remove graphitic surface carbon. The oxi-

dation process was evaluated using contact angle Figures 1a) and ib) show the typical temperature-

experiments, which confirmed the surface hydrophilicity af-dependent conductivity for single-crystallifigig. 1(a)] and

ter the oxidation. Surface conductivity was induced by ex-polycrystalline [Fig. 1(b)] surface conductive diamond

posing the diamond surfaces to hydrogen radicals generateémples. The symbols represent the experimental results,

by a hotfilament setup. H (with a flux of whereas the solid lines represent the conductivity calculated

150 cubic centimeters per minute at §Mas introduced in  using a model which will be described in Sec. IV. In vacuum,

a vacuum chambefbase pressure Imbay and activated and without any annealing procegsorresponding to sym-

with two hot (1900 °Q tungsten wires. During the hydroge- bols in curvesS1° andS2° in Fig. 1(a), and curveS3° in Fig.

nation process the chamber pressure was fixed to 1.5 mbaltb)], the measured conductivities at room temperature are in

The samples were exposed to the hydrogen radicals fahe range 5 10°-10%* Q tcm™?, and decrease with de-

30 min at a temperature of 700 °C. After hydrogen terminacreasing temperature. However, the dependence of the con-

tion the samples were kept for one day under ambient atmaductivity with temperature is very weak for sampl&s°,

spheric conditions in order to induce the surface conductivs2’, and S3°. Moreover, at the lowest temperature the tem-

ity. Contact angle experiments showed highly hydrophobigerature dependence disappears as expected for the conduc-

surfaces, in contrast to oxygen-terminated diamond. tion of carriers in extended states of a 2D inversion layer.
The conductivity and Hall measurements were performedrhis is confirmed in Fig. 2, where the carrier concentration

in vacuum(10°® mbay using Van der Pauw geometry. Mag- (extracted from Hall effect experiments shown to be al-

netic fields of 1.8 T were applied for the Hall measurementsmost independent of temperature. Annealing the samples in

The samples were mounted in a cryostat where the temperaacuum reduces the number of holes accumulated in the in-

ture could be varied between 20 and 700 K without breakingrersion layer, as shown in Fig. 2 for sampiisandS3. For

the vacuum. In order to investigate the effect of the holeinstance, in the case of sam## the carrier concentration

concentration on the transport properties, high-temperatureneasured at room temperaturean be varied between 9

IIl. RESULTS

245310-2



TEMPERATURE-DEPENDENT TRANSPORT PROPERTIES

PHYSICAL REVIEW B 71, 245310(2005

1014 T T T T T T a) b)
— s3° 10 Q)Oo 1% 3
Sf 107k 4 r_ﬁf__o_’fszio—_ —_

5 o . W 2

2 St < 1ol { 10} J
A 1

e 8

g 107, . £

8 o

8 s1? g 1p 1 1L _

8 SC-lla + poly g

1011 T T T T T T T
0 5 10 15 20 25 30 35 40 o1 o poly

1000/T (K") "0 10 20 30 40 0 10 20 30 40

1000/T (K" 1000/T (K"

FIG. 2. Carrier concentration versus temperature measured by

Hall experiments for different samples in different annealing states. -
The main effect of annealing is to reduce the carrier concentration, /G- 3- Temperature dependence of the mobility for the samples

which can be tuned from #®to 10*3 cm™2 at room temperature. In " Fig. 1(a). Monocrystalline synthetic type-lla sampléSl and

general, the carrier concentration shows only a weak temperature>)- () Undoped polycrystalline samp(&3). Open and solid sym-
dependence. bols correspond to the experimental results. Solid lines correspond

to the calculation of the model described in the text. The dashed line
represents the expected behavior in the case of the impurity scatter-

x10"cm™ for the nonannealed state(S1°), 2.4  ing mechanism.

X102 cm? after one annealing stepS1'), and 9
X 10 cmi? after two annealing stef§1?). A similar effect  carrier concentration, and Hall mobility in surface conduc-
was also found in sampl83. The influence of the annealing tive diamond samples where 2D transport is expected to oc-
process on the temperature dependence of the conductivibur due to holes accumulated in inversion layers induced at
can be observed in Fig. 1. Reducing the number of carriers ithe diamond surface. Whereas the carrier concentration is
the hole channel results in a stronger variation of the conalmost independent of the temperatuas expected for 2D
ductivity with temperaturg¢curvesS1' andS12 in Fig. 1(a),  transport in extended states in the absence of localization
and curveS3! in Fig. 1(b)]. In the high-temperature regime, both the conductivity and Hall mobility show an exponential
the temperature dependence of the conductivity resembles a@mperature dependence in the high-temperature regime,
exponentially activated behavior, with the activation energywith the activation energy increasing with decreasing carrier
increasing as the carrier concentration decreases. At lowaoncentration. At low temperature and very high carrier con-
temperatures the conductivity does not follow the pure expoeentration, an almost constant Hall mobility and conductivity
nential dependence with temperature. Interestingly, the actis observed. For low carrier concentration and low tempera-
vated behavior of the conductivity is not the result of antures, the conductivity deviates from the activated behavior,
activated carrier concentration, as clearly seen in Fig. 2. Inwith the activation energy decreasing as the temperature de-
stead, the Hall mobility is temperature activated in a verycreases. The results are qualitatively the same for monocrys-
similar way as the conductivity. Figuregad and 3b) show talline and polycrystalline diamond samples.
the temperature dependence of the Hall mobility for samples As stated in the Introduction, these experimental observa-
S1, 2, andS3. At room temperature and without any anneal-tions cannot be accounted for by the Anderson-Mott
ing the Hall mobility is in the range 30—100 €AV s. Mir- mobility-edge model. The “ideal” Anderson mobility-edge
roring the behavior of the conductivity, at high temperaturemodel, modified by Mott? predicts a thermally activated
the mobility shows an exponentially activated behavior whileconductivity as a result of disorder-induced localization of
at lower temperatures a clear saturation is observed in meaarriers. Based on the Anderson model for localization of
surementsS1°, S2°, andS3°, which correspond to the nonan- electrons moving in a system with potential fluctuations as-
nealed state of the samples and, thus, a higher carrier coseciated with microscopic inhomogeneities in the material,
centration in the inversion layer. The dotted line in Fi¢)3 Mott showed that electrons near the band edge will be local-
shows the expected mobility values assuming scattering bized, even if the potential fluctuations are not too lafjEhe
ionized impurities u; < T-32. Our experiments show a com- effect of the potential fluctuations is to smear the sharp edges
plex behavior of the mobility which cannot be accounted forof the valence and conduction bands: lower states become
by only the reduction of the mobility at lower temperatureslocalized whereas the high energetic states remain delocal-
as a result of the impurity scattering mechanism, as was prezed. Mott introduced the concept of the mobility edgie an
viously suggested. energy which separates extended states from localized states.
Above E, the wave function of the electrons extend through-
out the system, corresponding to a diffuse regime. Beigw
carriers are localized, and they can only move by thermal
Summarizing the results of the previous section, we havexcitation to extended states or by thermally activated tun-
investigated the temperature dependence of the conductivityieling to another localized state. Thus, if the Fermi energy

IV. DISCUSSION

245310-3



GARRIDO, HEIMBECK, AND STUTZMANN PHYSICAL REVIEW B71, 245310(2005

(Ep) lies in the localized statd&r < E.) and the temperature 110 —roromsmr——r—— a) _ b)
is high enough, conduction occurs by excitation of carriers to .\:“---0 ..... o] 1OF o ) E
the mobility edge, with a conductivity 0] A‘\& e 1 g:*‘b“‘*~o\§?j‘1

o= O'mine_(EC_EF)/kT (1) g " ua g ol \_“\‘\ 0«: _

T ool 15 LW .“‘SJ.

where oy, is the 2D minimum metallic conductivity at the S “.\ > RN "
mobility edge, with an approximate value of 0ef2h (=3 % o'l Al 1 3 Y
X107 Q™), and independent of other parameters such asg E T st? 3
carrier concentration or Fermi energy position. At very low & £
temperature, when the thermal energy is not sufficient to  10°F scla ‘\. 3 o
excite electrons to the extended states, the dominant condu —— ——T L1 — ————
tivity mechanism will be thermally activated tunneling be- 0.15 020 025 030 035 015 020 025 030 035
tween localized statevariable-range hoppingwhich gen- T (K™) T (K™)
erates a temperature-conductivity dependence that for a 2D _ » o
system & FIG. 4. Analysis of the conductivity and the Hall mobility based

on variable-range-hopping transpoté) Temperature dependence
of the conductivity plotted versusY3 showing a good agreement
with Eq. (2). (b) Temperature dependence of the mobility plotted

] ) ] versusT~3. The slopes of the fits are almost identical for conduc-
where a is the tunneling exponenor the inverse of the ity and Hall mobility.

localization lengthandN is the density of localized states at
Er. 0y is a parameter that has a weak temperature depen-
dence. On the other hand, metallic conduction in extende
states occurs when the Fermi energy lies above the mobilitg
edge.

Therefore, in the high-temperature ran@ehen kT/q

1/3 2 1/3
0= e 0N = 7 @m3alImkD )

Hopping transport between localized states was early pro-
osed to explain the conductivity-temperature dependence of
nonideal” activated transport in silicon inversion layéts.
The conductivity of n-channel metal-oxide-semiconductor
field-effect-transistor devices was studied in the temperature

tZrE]C;IrEgt)urz]-thiI\(/jaizld ?c?r?ci:i?i\r/]i-tM?/t/ti thmt?ldeelacptir\(/a:tli(grsl :n_range 4. X T<77 K, showing a behavior very similar to that
P y in Fig. 1. Hartstein and Fowler found that the conductivity

ergy decreasing as the carrier concentration increases. Even- ; ;
gy 9 Obeyed a Inr=T-3 dependence, which was interpreted as

tually, the temperature activation disappears and the condu?- . . )
2 . . hdicative of variable-range-hopping transpbrtwWe have
tivity becomes metallic. As derived from E(l), the value of also considered the possibility of variable-range hopping

the conductivity at 1T=0 is a constant independent of the (VRH) transport in the inversion layers at the surface of

e et e 022 tycrogen teminated dimon. Fiureishous th con.
tration when conductioEn is dominated by thermal excitationdUCtiVity versusT "%, which might indicate a dominant VRH
Y mechanism in the whole temperature rarigee Eq.(2)].

into excited states, while the mobility should show a weak fails wh : h I
temperature dependen¢as expected for scattering mecha- How_e_ver, VRH ails when we consider the me_a_lsured Ha
mobility and carrier concentration. The Hall mobility obeys a

nisms such as impurity, interface roughness, or .phonon Scattémperature dependence which is almost identical to that of
tering. As shown above, none of the predictions of the

o . ._the conductivity[Fig. 4(b)]. Variable-range hopping occurs
rLdeeniLI A;zgﬁlrtic_mt'moﬁqmﬁjf%a:ﬁe?;;ﬁfr\éii dISct?\l/Ji; ei(,g?Jg via phonon-assisted tunneling between localized states, so a

' ) Ity .~ classical treatment of the Hall effect affecting carriers during
(calculated as the extrapolation of the conductivity plot in

. N . . o . "hopping is not appropriate. Holstein showed that for multi-
Fig. 1 at 1/T=0) is not constant, increasing with increasing hopping processes it is possible to obtain a dependence of

carrier concentration; theT carrier concentration, as measurﬁ e jumping rate on magnetic fiel.Based on the work of
from Hall experiments, is not activated with temperature

and finally, the Hall mobility is activated with temperature in’HoIs';em, Gruenewalét al. predicted;” in the case of tranlsj
o o . port in 3D, a temperature dependence of the Hall coefficient
a very similar way as the conductivity. Thus, our experimen- »
. and the Hall mobility of the form
tal results can be considered as another example of what has
been named “nonideal” activated transport in inversion lay- Ry= RHoe<1—5>(To/T>1’4, (3)
ers with strong localization. Experimental results similar to
ours have been previously reported in the literature, and dif- _
ferent models, based on long-range potential fluctuaflons, R = Hno
hopping transport, and correlation effects have been pro-with §=3/8. This prediction was later confirmed
posed to explain the “nonideal” activated transport. Strongxperimentally® In the case of Eqg3) and(4), correspond-
correlation between electrons has been suggested to give rig® to transport in 3D, the exponent of the temperature de-
to the correct temperature dependence of conductivity, capendence i:% compared to the exponeétin Eq. (2), which
rier concentration, and mobilif. However, correlation ef- corresponds to transport in 28.Thus, VRH predicts that
fects are not expected to be important in the temperaturboth the Hall mobility and Hall carrier concentratidm

regime reported in this papéfrom 30 up to 300 K. =1/gRy) are thermally activated with temperature, obeying

e_é\(-l—ol-l—)l/él (4)

245310-4



TEMPERATURE-DEPENDENT TRANSPORT PROPERTIES PHYSICAL REVIEW B 71, 245310(2005

TABLE I. Results of fitting the temperature dependence of theate from the exponentially activated behavior. Finally, at very
conductivity and the Hall mobility with Eqsi2) and (4), as ex-  high carrier concentration, when the metallic lakes occupy
pected for variable-range-hopping transport. The value of the coefthe majority of the surface, the conductivity becomes inde-
ficient §is almost 1, in disagreement with the prediction of the 3D pendent of temperature. Using the effective medium theory

VRH model for the Hall effect. for a 2D binary compound, it is possible to obtain the depen-
Y o dence of_ the conducti\_/ity and Hall mobility on temperature
Too (K¥) 8o, (K9) and carrier concentratich:
Sample [Inox—=(To/THY3]  [In uyx—-&To/T)3] 5

0 6.49 7.43 114 o(B)= %(1 = 2e)(o1—0p) + %(1 = 26)%(01~ 07)* + 010,
s1° 10.79 10.43 0.96
sit 25.92 25.74 0.99 ()
S1? 58.96 48.35 0.82  whereo; ando, are the average conductivity in the metallic

regions and the average conductivity in the insulating re-

Egs. (3) and (4), respectively. As discussed previously, our 910NS, respectively. Using a rough approximation, the con-
results do not show any exponential activation of the Hallductivity in the insulating regions can be described by an
carrier concentration with temperature. Figufb)shows the ~averaged energy difference between the Fermi energy and
Hall mobility of our samples versu§ 3. Dashed lines in the bottom of the conduction bari&g—Ec),, and thus can
Figs. 4a) and 4b) represent best fits to the experimental e written as
results of the form Irroc—(To/ T)Y2 and Inpy = —8(Ty/ T3, o ~ orielEF ~ EQoKT 6)
The results are summarized in Table I, indicating a value of 2 !
5~1, in contrast to the prediction of the 3D VRH model. Wwith o; and (Er—Ec), depending on the position of the
Based on a model of long-range fluctuations in the oxide~ermi level, and thus on the carrier concentration. It should
charge and the surface potential in silicon inversion layersbe mentioned that in his original paper Arnold used a more
Arnold predicted a temperature dependence of the conducsomplex description of the conductivity in the insulating re-
tivity, Hall mobility, and carrier concentration very similar to gions, by introducing a Gaussian potential distribution to de-
those reported in this pap&tsing semiclassical percolation scribe the surface potential fluctuations.
theory, he described the transport of carriers in the strongly Using Egs.(5) and (6) we have fitted the experimental
localized system, as “a combination of percolation aroundyalues of the conductivity plotted in Fig.(d and 1b),
scattering from, and thermal emission over random potentialvhere solid lines represent the results of this fit. Table I
barriers.” Potential fluctuations in the silicon surface inver-summarizes the values of the fitting parameters: the averaged
sion layer are relatively long-range, giving rise to a macro-activation energy(Er-E,),), the metallic conductivitfo),
scopically inhomogeneous transport channel. This meansnd the surface fraction occupied by insulating regitss
that the bottom of the conduction bafic) varies with po-  The model described by Eq&) and(6) (solid lines in Fig.
sition, and aff=0 “metallic” regions(Er> E¢) coexistwith 1) reproduces quite reasonably the main characteristics of the
“insulating” regions(Er<E(). As carriers enter the inver- experimental resultdi) a decrease of the carrier concentra-
sion layer they go to the regions of lower potential, formingtion results in an increase of the activation energy, and
“metallic” lakes, which at low enough carrier concentrationsabove the percolation threshold a saturation of the conduc-
are isolated from each other by “insulating” regions. In thistivity is observed at low temperature, due to the remaining
situation, conduction occurs by thermal activation of carrierpercolation paths. However, below the the percolation
over the barriers separating metallic lakes, giving rise to dhreshold(low carrier concentrationand at low tempera-
thermally activated conductivity. At very low temperaturestures, the model does not describe accurately the temperature
tunneling through the potential barriers becomes progresdependence. As explained before, at this temperature VRH
sively dominant, with the conductivity-temperature depen-transport becomes more and more important and it should be
dence obeying Eq(2), as expected for variable-range- taken into account. The dotted lines in Fig&)land Ib) are
hopping transport. On increasing the number of carriers irfits to the data using Eq2), which describes VRH in 2D
the inversion layer, the metallic lakes become larger and the#zansport. The values of the metallic conductiwityare plot-
potential barriers separating them become lower. At the petted versus the carrier concentration in Figg)5showing an
colation threshold, which in a 2D system occurs when théncrease of the metallic conductivitg2 X 10°-10% Q%)
fraction of insulating areés) equals the fraction of conduc- with increasing carrier concentratiqi0*?—10 cm™). As
tive area, continuous percolation paths between the metallidiscussed above, the classical Anderson-Mott mobility edge
lakes are established for the first time. Activation transporis not able to explain this behavior. Similar experimental
remains above the percolation threshold, especially at higheesults have been previously reported for Si inversion layers,
temperatures when carriers have enough thermal energy to which it was found thatr, = n#, with the exponeng vary-
be excited over the residual potential barriers, leading to @ng between 1 and ¥ This behavior was attributed to the
reduction of the resistance of long percolating paths. At venincrease of screening at higher carrier concentration, which
low temperatures, when the thermal energy is not enough tresults in lower carrier scattering. However, the expongnt
overcome the potential barriers, the conductivity should be=0.45 calculated from our results in Fig@is lower than
come independent of temperature and, thus, gradually devit. Additionally, the holes accumulated at the diamond sur-
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TABLE II. Summary of the parameters used for the fit shown in Figcdnductivity and Fig. 3(Hall
mobility), based on the model described in the té&E—E,), represents an average activation enesgythe
metallic conductivity,u, the metallic mobility, and: the fraction of surface occupied by insulating regions.

Conductivity fit Hall mobility fit
(EF—Ev)2 oy (EE—Ev)2 M1
Sample (mV) (O] P (mv) (cm?/V s) €
20 13 1.2x 104 0.35 11.3 68 0.37
S10 14 5X 107 0.45 15 40.7 0.45
s1t 28 3x107° 0.65 31 75 0.65
S12 45 2x107° 0.79 38 90 0.79
30 12 6x107° 0.29 11.4 16.4 0.29
Sel 44 4x 107 0.6 48 122 0.6

face show a reduced mobility at higher carrier concentration2D systemg? It was found that the Hall coefficient of a 2D
indicating the surface potential scattering effedtigure 6  conductor is insensitive to resistive inclusions until their con-
(open symbolsshows the value of the Hall carrier mobility centration reaches the percolation thresh@let0.5).2° Be-
measured at room temperature for many different samplel®w the percolation threshold, for 0.25¢ > 0.5, the same is
with carrier concentrations varying between '10and  approximately valid depending on the ratio between the re-
103 cm 2. The strong decrease of the carrier mobility with sistivity of the conducting and insulating regions. Thus, the
the number of carriers accumulated in the surface channedffective medium theory predicts a Hall coefficie(®,)

can be attributed to an increase of surface potential scattegqual to the Hall coefficient of the metallic regiofR,),

ing, due to a higher confinement of carriers close to the surwhich is not temperature dependent. Therefore, the Hall mo-
face. A large density of charged adsorbates is expected fgility can be calculated as

compensate the holes accumulated in the channel at the dia-
mond surfacé,so it is quite reasonable that this very high

density of scattering centers gives rise to the main scatterin‘%hiCh shows that the Hall mobility should have the same
mechanism. Therefore, the variation of the Hall mobility temperature dependence as the conductivity. The experimen-
with the carrier concentration shown in Fig. 6 can explain theTal results of the Hall mobility shown in Figs(& and 3b)
measured Ocigpendence of the metallic conductivity of thef'lave also been fitted using the same approach as for the
for¢halmn - d th loved for th d conductivity. Solid lines in Figs. (@) and 3b) correspond to

€ same procedure as the one employed 1or the ConAufsq yagits” of the fit, whose parameters are summarized in

tivity can be used to fit the Hall mobility results. The Hall Table II. In this case, the parametewas assumed to have
effect in disordered materials was initially analyzed using aNhe same value as bbtained by the fit of the conductivity.

effective medium theory for 3D systerffsand later on for Table Il confirms that both Hall mobility and conductivity
are very well described by the same temperature dependence.

H(Er, T) = Ryo = Ry(Ep) o(Eg, T) (7)

a b)
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FIG. 5. Relevant parameters deduced from the model described
in the text.(a) Metallic conductivity(o;) versus carrier concentra- FIG. 6. Calculated values of the metallic mobilitgolid sym-
tion. The solid line represents a dependence of the formn%45, bolg and the effective Hall mobility at room temperatui@pen
(b) Density of localized states at the diamond surface, calculatedymbols of a set of different samples showing a large variation in
from the dependence of the activation energy on the carrier concercarrier concentration. The mobility shows a strong decrease as the
tration. The solid line is the best fit to the dafolid symbol$, carrier concentration increases, suggesting a dominant role of sur-
assuming an exponential band tail of states. face scattering.
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Similar to the conductivity a decrease of the carrier concenhigh. However, as has been shown by Arn&df, the poten-
tration increases the activation energy of the Hall mobility,tial fluctuations are not random but spatially correlattzt
and a saturation of the Hall mobility is observed at low tem-instance, clustering along certain directiprieen Eq.(5) has
peratures in the case of the highest carrier concentrations. different form. The effect of the correlations is, thus, to
For two of the sampleéS2° and S3°) a significant departure decrease the value efat any given carrier concentration. An
from the prediction of the model is observed at high tem-“ordered” arrangement of surface adsorbates will certainly
peratures, which is a consequence of the decrease of tmesult in spatially correlated potential fluctuations at the sur-
carrier concentration in these samples. It was shown beforface, resulting in a reduction @f.
that there exists a strong dependence of the Hall mobility on
carrier concentratiorisee Fig. 6. In the temperature range V. CONCLUSIONS
where the measured Hall mobility &2° and S3° shows a _ . _ .
clear deviation from a simple thermal activation, the carrier 1he electronic transport properties of holes in 2D inver-
concentration is not constant but decreases with increasirgjon layers induced at the surface of hydrogenated diamond
temperature. The decrease of the carrier concentration resuf@mples have been studied in the temperature range
in an increase of the mobility. From the fit of the Hall mo- 30—300 K. The conductivity and Hall mobility have been
bility, it is also possible to obtain information about the valueStudied as a function of temperature and carrier concentra-
of the mobility of carriers in the metallic regiong, in Table  tion. Our experimental results show a carrier concentration
II. Solid symbols in Fig. 6 represent the values of the metalWith & weak temperature dependence, resembling the behav-
lic Hall mobility, showing a good agreement with the room- ior of 2D metallic transport. At high temperatures, the con-
temperature Hall mobilityopen symbolsof a set of samples ductivity and Hall mobility show a thermally activated be-
with different carrier concentration. It is clear that the metal-navior, with almost identical activation energies. The
lic Hall mobility also decreases with increasing carrier con-activation energy increases as the number of holes accumu-
centration, which can be attributed to the effect of surfacéated in the surface channel is reduced. With high carrier
potential scattering. concent_ra_tlon and at low te_mperatures both mobility ar_1d
As described previously, the average activation energ>¢onduct|V|ty saturate, departing from the simple exponential
(for both mobility and conductivitydecreases as the number dependence. We have argued that this result cannot be ex-
of accumulated holes increases. The density of localize@@ined by the classical Anderson-Mott mobility-edge model

tion of the activation energy versus the carrier concentratiorization. Instead, a model originally proposed by Arnold, and
based on long-range potential fluctuations, has been used to

An ) fit the experimental results with very good agreement. It is
AEE-Ey),’ suggested that macroscopic potential fluctuatiamgsontrast
) ) ] ) to the microscopic potential fluctuations in the Anderson-
Figure 8b) shows the estimated density of localized states af ot mode) at the diamond surface, probably caused by the
the positiqn of the Ferm_i level, with the_soli.d line in Fighd _ presence of charged adsorbates or by an incomplete hydro-
representing the best fit to a band tail with an exponent'agen termination, give rise to a situation in which metallic and
distribution of localized states. The Qensny of states at th‘?nsulating regions coexist. The insulating regions act as po-
edge of the valence band can be estimated from the extrap@sntial barriers between the metallic regions, which gives rise
lation of the straight line in Fig. (), which gives a value g the reported activated transport. Increasing the number of
N(Er=E,)=3x10'° eV"* cm'2 The density of states in the carriers reduces the potential barrier height, with a corre-
unperturbed band\y, is given byNo=myp/ mh? wheremyp  sponding reduction of the average activation energy. The
is the effective mass of holes in the 2D inversion layer. Tomodel uses percolation theory to evaluate the contribution of
the best of our knowledgemyp has not been reported for each region to the measured conductivity and Hall mobility.
holes in the hydrogen-induced surface inversion layer, so Wehe experimental results were fitted using three parameters:
will use the bulk values of the effective mass for heavy holeshe average potential barrier in the insulating regions, the
(My=1.08ny), light holes(my,=0.361y), and split-off holes  metallic conductivity(or metallic mobility, and the fraction
(Msor=0.18mg). % Then, the value of the total density of of surface occupied by insulating regions. The metallic con-
states(including the hh, Ih, and soh bandm the unper-  ductivity increases with increasing carrier concentratiion
turbed band has a value bi~8x 10" eV* cm 2 whichis  contrast to the prediction of the Anderson-Mott model
more than one order of magnitude smaller than the density afiowever, the metallic mobility decreases with increasing
localized states. Thus, it follows that the origin of the local-carrier concentration, which has been explained as a result of
ized states should rather be attributed to the presence of sufe surface scattering. From the variation of the activation
face states. Nebeit al. also have reported a very high den- energy with carrier concentration, the density of localized
sity of surface states, in the range-5 x 10"° eV-tcm™3  states at the edge of the valence band in the surface has been

The values of the fraction of the diamond surfa@g  estimated to about:8 10'® eV~! cm ™2, which is much higher

occupied by insulating regions have been found to be quitéhan the density of states in the bulk unperturbed band.

N(Eg) = -
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