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Considerable interest exists in fabrication of electronic devices from thin film polycrystalline
diamond. To date, doping this material to achieve good free carrier concentrations and mobilities at
room temperature has proved difficult. In this letter we report low temperature Hall effect
measurements made on diamond films subjected to a hydrogenation process, such that the near
surface region becomgstype without the addition of conventional dopant atoms. High carrier
concentrations and mobilities can be achieved. The change in carrier concentration within the
temperature range 10—300 K does not change as expected for most films, actually increasing as the
temperature falls. This effect could be related to the confinement of carriers at the surface caused by
the dipole provoked by adsorbed hydrogen on the diamond. However, polished films display more
conventional behavior in that the carrier concentration falls with falling temperature20@}
American Institute of Physics[DOI: 10.1063/1.1345806

The emergence of chemical vapor depositi@VD) has been subjected to a hydrogenation process. The results
methods for the formation of large area polycrystalline dia-achieved yield important insight into the nature of the accep-
mond films has led to considerable interest in the use of thigor states that are formed by hydrogenation.
material within electronic applications. For most electronic ~ Free standing diamond films, grown by microwave
devices doped material is required. Whilst bdroand Plasma enhanced CVD, were used throughout this study.
phosphoru& act as acceptor and donor states, respectivelyPUring Raman spectroscopy all films revealed an intense
these species form deep level8.37 and 0.43 e) and, peak at 1332 cnt, indicative of good quality diamont,

hence, yield few free carriers at room temperature. It ha¥vith no other structure being evident. All films displayed

recently been demonstrated that near surface hydrogen prE[omlnent crystal faceting, with random grain alignments,

. ) . . ut differed in grain size. The characteristics of these
motes the formation of acceptor states in this region of CVD 9

X . 5 . . samples(A, B, and Q in terms of thickness and grain size
diamond films’~>We have previously studied the room tem- are given in Table I. Sample C1 and C2 were identical, but

perature characteristics of these acceptor states, in terms Qémple type C2 had been mechanically polished using dia-
carrier concentrations and mobility values derived from Hallyong grit bonded in a resin matrix. Subsequent acid and H
measuremenfsThe highest room temperature hole mobility plasma treatments are believed to remove superficial damage
within polycrystalline diamond reported to date was mea-and nondiamond carbon, leaving the surface covered with
sured(at, for example, 70 ciV "1s ! for a carrier concen- submicroscopi¢111) and (100 facets, giving rise to an op-
tration of 5x 10" cm™3). Whilst the origin of these carriers tically smooth surfacél® All films were initially immersed
remains controversial, our recent studies suggest that the iin a strongly oxidizing solution which is known to leave a
teraction of hydrogen with defects within the near surfacecontaminant free surfacdé. A pure hydrogen microwave
region of CVD material leads to the formation of very shal-plasma(2.45 GHz, 800 W, 40 Torr, 5 min, sample tempera-
low acceptor stateSThis approach to doping thin film poly-

crystalline diamond has been successfully used to produceaBLE I. The characteristics of the sample types used in this study.
highly effective field effect transistofsin this letter we re-

port low temperature Hall effect measurements performed ofe Pl ype  Thicknesqum) — Grain size(um) Notes
a number of differing types of CVD diamond, each of which A 300 40-60
B 100 10-30
c1 100 20-40
dAuthor to whom correspondence should be addressed; electronic mail:  C2 100 20-40 As C1, but polished
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FIG. 1. Sheet resistivity of the samples studied plotted as a function of |G- 3. Carrier mobility values for the samples studied plotted as a function
sample temperature. of sample temperature.

ture 500°Q was then used to hydrogenate each of theand C2(at around X 10¥cm ?) can be seen to be around a
samples. Hall effect measurements were carried out using ttfactor of three lower than B, and up to a factor of ten lower
four point probe Van Der Pauw method for conformal map-than A. The transistor characteristics for devices formed on
ping at temperatures between 10 and 300 K, using a maghis type of material suggest that the carriers are dispersed
netic field strength of 2 T. Evaporated gold contacts werehroughout a layer of up to 20 nm in depthThis implies
used throughout, which displayed ohnhieV characteristics carrier concentrations as high as *€m 2 are being
on these films. achieved in these samples. The variation in carrier concen-
All of the samples tested wer type, as determined tration with temperature differs markedly in the case of C2,
from their positive Hall coefficients. The measurements percompared to all of the other sample types. C2 shows a de-
formed yield the sheet resistivity and sheet carrier concentracrease in carrier concentration as temperature decreases
tion, from which carrier mobility values can be determined.whilst the other sample types actually show a slight increase
The values obtained for each sample type can be seen With decreasing temperature, over the range studied here.
Figs. 1-3, plotted as a function of temperature. The sheefhe carrier mobility values determined for all samples,
resistivity of all samplegFig. 1) increases with decreasing within the temperature range 10—-300 K, are shown in Fig. 3.
temperature. Whilst the values for all sample types vary beThis plot again reveals significant differences in the values
tween 10 and 16 Q cm™?, the values for C2 are consis- recorded for each of the types of CVD diamond films. Al
tently lower than those for the others, indicating that thismobility values decrease with decreasing temperature, with
material remains more conductive over this temperaturgalues between 0.5 and 20 ¢w s 1. At 300 K, C1 re-
range. There is even more diversity in the carrier concentrayeals the highest mobility value, followed by C2, B, and A.
tions measuredFig. 2). Sheet carrier concentrations for C1 However, the carrier mobility recorded for C2 decreases less
with decreasing temperature than does the same diamond
type that has not been polished, assuming mobility values
that are similar to the unpolished C1 at temperatures of 100
K and below.
10% These results are intriguing. According to conventional
semiconductor theory, the value of the carrier concentration
should remain constant with temperature, until the point at
which the available energy is insufficient for activation,
when it begins to decline. This is the case here only for C2.
If the carriers in this sample are assumed to have a conven-
tional origin, the data in Fig. 3 imply the activation energy
gt - for these acceptor states must be less than 2 meV, which is
oo ‘ extremely shallow. In all of the other sample types the carrier
00 concentration actually appears to increase with decreasing
temperature; this was a clear and persistent trend in these
10130 5040 8T B0 66120 sample types. A possible explanation for this effect is the
influence of adsorbed, as opposed to near surface, hydrogen
1000/T on the carrier distribution within the material. Hydrogen ter-
FIG. 2. Sheet carrier cencentration for the samples studied plotted as gination of a diamond surface is known to provoke the for-
function of sample temperature. mation of a surtace dipole, causing band bending in this
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region of the material®'* This will act to confine any carri- heavily scattered. This explains the decrease in mobility val-
ers present to the surface of the material. This confinementes with decreasing temperature. Since an increase in the
will affect the measured Hall voltage and, hence, the appareoncentration of impuritfacceptoy states increases the car-
ent carrier concentration determined using this techniqueier scattering, the mobility values should also decrease with
Since this confinement will be strongest at low temperaturesncreasing carrier concentration at a given temperature. It is
an increase in carrier concentration may be observed as tldear that as A has the highest carrier concentration at 300 K,
temperature is decreased. However, since no carrier “freezeéhe lowest mobility values would be expected at this tem-
out” is observed down to 10 K, this explanation for the perature, as is the cag€ig. 3). The films with smaller grain
observed trends would suggest a carrier activation energy &izes support lower carrier concentrations, and have corre-
less than 2 meV. spondingly higher mobilities. C2 has a different room tem-

Similar trends in carrier concentration variation with perature mobility value to the similar, but unpolished, C1,
temperature have been reported in Hall measurements pdsut becomes similar to C1 at temperatures of 100 K and
formed on G& and GaN®!’where an alternative explana- below. This appears to support the assertion that C2 has two
tion was put forward. Mott and Twobestudied botm- and  differing dominant conduction paths, possibly valance and
p-type Ge, and proposed a model involving transport throughmpurity band, over this temperature range, whilst the other
both defect centers and the conduction béod n-type ma- sample types may be dominated by only one.
terial) to explain the phenomenon. The conduction in the  The damage that is inevitably imparted to a diamond
defect centers was considered to be either diffusive, due teubstrate when it is polished does not eradicate the
the small but finite overlap of the localized electron wavehydrogen-based creation gf-type character, but rather
functions of the defect centers, or hopping. The defect bandhakes it behave differently. There is clearly a need for fur-
mobility is expected to be small compared to the conductiorther study into the carrier transport characteristics displayed
band mobility, implying defect band conduction becomesby hydrogenated diamond films following a systematic varia-
dominant when the carrier concentration in the conductiortion in surface treatment conditions.
band becomes negligible, i.e., at low temperatures. In the ) ) ]
case ofn-type GaN, Molnaet al1® also found that transport _ The authors are grateful to the Er_lg|_neer|ng and Physmal
through the conduction band and the auto-doping defect cerpciences Research Count#PSRQG within the UK for fi-
ters, at around 20—30 meV below the conduction band, werBancial support. One of thet®.A.W.) gratefully acknowl-
important in explaining the measured transport characteris‘?d_ges M Beck and L_JCL for the award of a Beck Scholar-
tics. They observed a peak in the Hall coefficient at aroungniP- Alison M. Mainwood, Gordon Davies, and Carl
100 K. Johnston at KCL are also acknowledged for useful discus-
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