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1/f noise in semiconducting and just-metallic boron-implanted diamond
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1/f noise and conductivity measurements have been made on boron-doped polycrystalline CVD diamond
and boron-ion implanted single cryst@pe 1la) diamond surface layers over the temperature range 200-430
K. The measured noise spectral densities follow & ¥requency dependence, with the exponegrtlose to
unity. For all three samples the measured Hooge parameter is much larger than for metals. The ion-implanted
surface layers are close to the metal-insulator transition and the noise magnitude is suppressed as the boron
concentration approaches the critical concentration. For the temperature range covered, hopping conduction
plays an important role in determining the noise power in insulating diamond containing a sufficiently high
concentratior(>10* cm™3) of boron ions.
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The special properties of diamond have made it a desirtively, using secondary ion mass spectroscépMS). The
able material for producing semiconducting devices. Reboron atoms are distributed in a reasonably uniform way in a
views of developments in this area summarize the progredayer 0.2um thick. Following the high-temperature anneal-
that has been madeé. ing process, it is likely that most of the boron ions occupy
Use of boron-ion implantation methods has demonstfatedsubstitutional acceptor sites in the diamond latfidée con-
that it is possible to explore the metal-insulatbtl) transi-  centrations of vacancy and interstitial defects, that are pro-
tion region in boron-doped diamond. Low-temperature conduced in the implantation process, are greatly reduced by
ductivity measurements have revealed hopping conductiorgnnealing.
involving boron acceptor centers, on the insulating side of A semiconducting free-standing CVD diamond film, re-
the transition, with a change to metallic behavior occufing ferred to henceforth as samplz was grown by means of a
at a critical boron concentratiam: =~ 4.0x 107t cm3, microwave plasma-enhanced process using a commercial re-
This paper is concerned with low-frequency noise meaactor (Astex Inc., 5 kW-2.54 GHzon a water-cooled pol-
surements made on boron-ion-implanted diamond both oished tungsten plate. Boron atoms were dojpesitu, using
the insulating side and the just-metallic side of the transitiona flow of diborane during the CVD process. The boron dop-
For comparison purposes, measurements have also beant concentration is estimated as'®6m™ with an uncer-
made on semiconducting CVD diamond doped with borontainty of 25%.
Diamond is a wide band-gap mater{al4 eV) and the boron The resistance and 1 hoise were measured using stan-
acceptor levels lie 0.37 eV above the valence band. At amdard dc four-point probe techniques. The electrodes were
bient temperatures, a relatively small number of holes argacuum-deposited gold strips on the samples, to which leads
present in the valence band. were bonded by means of silver paint. The samples were
Reviews of low-frequency If/noise phenomena and their then mounted on a variable temperature insert that was op-
occurrence in metals and semiconductors have been given lgyated in a shielded chamber. Sample temperature was moni-
Dutta and Horfi and Weissmaf.Recently, 1f noise has tored using a shielded thermocouple and controlled by a
been used to investigate charge dynamics in nonmetallibeater, mounted on the same copper block as the samples and
Ge:Ga(Ref. 6 and Si:B! where hopping conduction is im- operated by batteries. Twelve 9 V alkaline batteries in series
portant at low temperatures. with a variable wire-wound buffer resistor formed the dc
We report on the measurements off Inoise in the dia- power supply for the resistance and noise measurements. The
mond samples mentioned above as a function of temperaturesistance of the buffer resistor was kept at least ten times
from 200 to 430 K over the frequency range 1-1000 Hz. Thdarger than the sample resistance during measurement to
surfaces of two cut and polished high purity single crystalminimize the effect of contact noise. The magnitude of the dc
natural type lla diamond samples, referred to as sambles current through the sample being measured was the same for
and B, have been heavily implanted with boron atoms atboth the resistance and fLhoise measurements in order to
liquid nitrogen temperatures, followed by annealing at temproduce consistent results. The voltage drop across the
peratures up to 2000 K. This implantation-annealing schemesample was ac coupled to a preamplifiSAR SR560 run-
known as cold-implantation rapid annealif@IRA), has ning on its rechargeable internal batteries. The amplified
been developed by Priffisand is highly reproducible. The voltage signal was then transmitted to an HP3562A signal
concentrations of the implanted boron atoms have beeanalyzer, which performed the fast Fourier transforms and
measured as 0610 cm3(n/nc~0.159 and 4.1 which was set up to take the average of 10 sweeps. All the
X 10%* em3(n/nc~1.03 for the samplesA and B, respec-  circuits, except the signal analyzer, were placed in a metal
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FIG. 1. Resistance versus 1000200 K= T=430 K), for three Frequency (Hz)

boron-doped diamond samples. Sample.6x 10?* cm™3), and
sample B(4.1x 107t cm™®) are boron-implanted single crystals.
Sample C(~1x 10 cm3) is boron-doped polycrystalline CVD
diamond.

FIG. 2. The 1f noise spectral density as a function of frequency
and dc current for boron-implanted diamond samplext room
temperature.

, 3 _ .
box for shielding. The noise from the batteries was examine&o,n,f'rme‘j than~nc.~ At T=200 K the electrl_clal conduc-
fivities for the three samples are,=4.2(Q) cm)™, 05=5.7

by measuring the noise generated by a wire-wound resisto 21 a A 1
which replaced the sample in the circuit and had approxi<* 107 ( cm)™, andoe=1.5x107 (Q cm)™. _
mately the same resistance as a sample at room temperature,1/f noise due to resistance fluctuations may be described
The background noiséhe sample thermal noise plus pre- Using the Hooge empirical expresstén
amplifier nois¢, which superposed on the fL hoise spec- aV?
trum, was negligible since it was found that it was three SJ:W, (1)
orders of magnitude less than the smallest hoise level
measured in this study. In addition to using the four-probewhereV is the average dc voltage drop across the saniple,
electrode configuration, the contact noise contribution to thés the total number of charge carriers in a homogeneous
measured 1f/ noise was further checked using a method pro-sample« is a dimensionless parameter, fgr 1, andf is the
posed by Leemanat al® Both the voltage of the dc source frequency. For metallic systems, the Hooge parameter is
and the resistance of the buffer resistor were decreased te2x 1073,
half their previous values so that the voltage drop across the The V? dependence of ¥/noise in our samples was veri-
sample was the same, but the ratio of buffer resistance tfied for dc currents in a range 1-10 mA by fixing the buffer
sample resistance was halved. No change in the slope andiiasistance and varying the voltage of the dc power source at
the magnitude of the noise power spectrum was observed.three temperatures 200, 300, and 400 K. These results, after
Figure 1 shows the resistand® versus 10007 for interpolation to other temperatures, have shown that the
samplesA,B, and C in the temperature range 200-430 K. noise measured is due to resistance fluctuations. Figure 2
The lead connections were the same as those used in the 1shows the frequencyl Hz<f<10° Hz) and dc current
noise measurements. The resistance of sar@piacreases magnitude dependence of the measurefiridise on a log-
with decreasing temperature, with the mean thermal activalog scale for sampled at room temperature. The spectral
tion energye, calculated to be 0.21 eV foF>300 K. This  slope is obtained by fitting a linear relation in a I§gvs
value of g, is smaller than the accepted value ef logf plot.
=0.37 eV for boron-doped diamonds because the upper tem- In Fig. 3, we have plotted the normalized noise power
perature limit reached in our measurements is not higlagainst temperature at a fixed frequency of 9.7 Hz. In this
enough for thermal activation of charge carriers to dominatelot, the normalized noise power magnitudes foand C
in electrical conductivity. Below 220 K, the resistance datahave a very similar temperature dependence: a decreasing
of C show a more gradual increase down to 200 K, deviatingrend with the variation less than one order of magnitude
from the thermally activated carrier conduction towards Mott(200 K< T<430 K). Below 270 K, the noise power de-
hopping conductiol!! described byo=ooexd—(To/ T)¥4].  creases with decreasiiig These data may be compared with
The resistance variation of samplewith T is consistent the resistance data sets shown in Fig. 1, where the resistances
with Mott hopping over the entire temperature range covere@df A andC decrease with increasiny with a total variation
in these experiments. Efros-ShklovsiiS) hopping behav-  of about three orders of magnitude for sam@leand less
ior is observed at temperatures below 108 K. than half an order of magnitude féx A much weaker tem-
SampleB appears to be very close to the metal-insulatorperature dependence of flhoise than that of resistance has
(M1) transition as its resistance variation with temperature iseen observed in conventional metals and narrow bandgap
approximately flat. Low-temperature measurements haveemiconductord® Kosubt® has shown that for a percolation
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FIG. 4. The 1f noise spectral slopeg vs temperatur¢200 K
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150 200 250 300 350 400 450 curve is the prediction of the DDH mod@Ref. 15 given in Eq.(2).
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FIG. 3. The normalized noise power at 9.7 Hz as a function oftemperature of the Syﬁem, has been presented by Dutta, Di-
temperature200 K<T<430 K) for the three diamond samples. Mon, and HornDDH).* They obtain

Insulating sampled andC, in which hopping conduction processes aInS,(f,T) f
are important, show similar behavior withwhile the just-metallic y=1+|1- (W) (f)

sampleB shows quite different behavior.

. . depending on the nature of the fluctuation center. We have
network model nearest-neighbor hopping leads toygsymed,~ 102 Hz. In this model a uniform distribution of
T-independent noise power and, with certain assumptionsctivation energies leads tg=1.

Mott and ES variable range hopping give inverse tempera- | ysing Eq.(2), the experimental data shown in Fig. 2 are
ture dependences. The present results for samleown in - repjotted on a natural log scale and then fitted by using cubic
Fig. 3 show a gradual decrease in noise power with decreagpjines, which give the necessary smooth numerical deriva-
ing T rather than an increase contrary to the percolation netjyes. The full curve in Fig. 4 was obtained in this way in
work predictions. While hopping conduction fluctuations ap-good agreement with the values obtained foA over the
pear to play an important role in the observed behavior fokemperature range. Similar results were obtainedBfand
insulating sampleé andC the just-metallic samplB shows ¢ The y values show a decreasing trend Tor 280 K. This
quite different properties. The noise power is smaller bymay be linked to a change from interacting to noninteracting
roughly two orders of magnitude with little temperature de'hopping behavidrin the case of sampla. The change from
pendence over the range shown. ~ Mott to ES hopping occurs at around 100 K for this dopant

The Hoogea parameter in Eq(1) has been customarily concentration. The source of the decreasing trend for
used to compare the 1/hoise level in different materials. samplesB andC is not clear.

We have estimated the values®@for A andB, based on the In conclusion, we have measured the hbise as a func-
borpn concentrations obtained from the SIMS profile, fol-ion of temperature in a CVD semiconducting diamond
lowing the approach of Coheet al!* If we assume that, sample and in surface layers of two boron-ion-implanted
following annealing, all boron centers are substitutional a”dsingle crystal type  diamond samples. For all three speci-
that the factom in Eq. (1) is equal to the boron concentra- mens, the measured noise spectral density followsferi/

tion in these two samples, we calculatg=1x10"andag  quency dependence in the temperature range 200-430 K.
=2X10" at room temperature. FdL, the number of acti- The nojse level in the diamond sample that is close to the
vatedg bo_rgn centers in this sample is estimated as Jhetal-insulator transition is lower than for the other samples
X 10" cm2 and this givesyc~1X 10°. These three values anq js almost temperature-independent. Theroise levels

of a are much larger than the values for typical metals and pserved in a CVD polycrystalline diamond sample and in
semiconductors but are consistent with the observationg,e insulating boron-ion implanted sample appear to be pri-
made on disordered systems by Coletrall* who showed marrily linked to hopping conduction processes.

that @ decreases as thdl transition is approached.

In Fig. 4, we have plottedy against temperature for We thank Dr. J. A. van Wyk for helpful discussions and
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Similar results are obtained fd@ and C. y values in this signal analyzer. Funding for this research was provided by
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