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Metal-insulator transition in boron-ion-implanted diamond
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We have observed the metal-insulator transition in single crystal, high-purity type-lla diamond which has
been implanted at 77 K with boron ions in multiple steps and annealed at high temperatures between implants.
Electrical conductivity measurements made at temperatures in the range 1.5—-300 K have shown that, for boron
concentrations below the critical concentrationwhich we estimate as 3910?21 cm3, Efros-Shklovskii
hopping conduction occurs at sufficiently low temperatures. At the highest concentrations, just-metallic behav-
ior is found, with the low-temperature conductivity governed by the relatitr) = o(0)+bT™. The conduc-
tivity critical exponentu is estimated to be 1.7, with a fairly large uncertainty because of the limited number
of concentrations on the metallic side of the transition. The highalue found for this wide bandgap,
uncompensateg-type system contrasts with the valpev% reported forp-type Si and other uncompensated
semiconductors.
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INTRODUCTION Nitrogen centers can act as compensating donors to the im-
planted boron acceptor centétsHigh purity type-lla dia-
The metal-insulatoftMl) transition is an important topic mond was used to avoid significant donor compensation due
in condensed matter physics. A variety of systems have beewn nitrogen defects.
studied, with considerable emphasis on doped semiconduc- In this paper, we report on the electrical conductivity, as a
tors such as silicon and germanidm.Very little work re-  function of implanted boron-ion concentration, on both the
lated to the MI transition has been carried out on diamondinsulating and just-metallic sides of the transition at tempera-
Unlike the conventional semiconductors, impurities in dia-tures in the range 1.5—-300 K. Analysis of the data has been
mond are not hydrogenfcand this could affect the Ml tran- carried out using expressions for the electrical conductivity
sition, making studies on diamond very interesting. Previousvhich apply near the Ml transition. Evidence for the occur-
work on heavily B-doped polycrystalline CVD diamond rence of a Ml transition in boron-implanted diamond is pre-
films’ suggests that metallic conduction occurs for boronsented.
concentrations of the order of ¥0cmi3. This is greater than
early estimatésof the critical concentratiom,, which were
predicted to be around>210?° cm 3. Conductivity and Hall
effect measurements have been made on the Si:B system, A high purity, insulating type-lla diamond specimen, con-
which shows some similarities in electronic structure totaining less than 0 cm™3 of impurities, was used in this
boron-doped diamondFor Si:B,n. is 4X 10* cm3)) study. The sample was cut and polished into a rectangular
Diamond is a wide band-gap semicondud®# e\V) and  shape of dimensions 3833 X2 mm. Previous work has
the boron acceptor centers are at 0.37 eV above the valensbown that implanting with dosages of boron greater than
band. Because of the relatively high energies involved, the-7x 10'° ions/cnt leads to the formation of graphitic re-
temperature range over which localization phenomena magions in the implanted layer. To reach the higher level of
be expected to be observed is comparatively large. In thdoping, a multiple low-energy cold-implantation-rapid-
present work, we have implanted sufficiently high boronannealing(CIRA) proces¥’ was used to create a uniform
concentrations near the surface in a type-Ila natural diamondistribution of point defects. The electrical conductivity of
in order to reach the MI transition in a controlled way. High the surface layer was measured after each implant of a
temperature annealing procedures have been utilized to ré&oron-ion dose of 3.8 10'° *B,,/cn?, spread over the en-
move damage produced in the implantation process and tergy range 30—130 keV. Following each implantation step,
activate the boron dopant. the sample was annealed at 1200°C for ten minutes under
Very recently metallic samples of boron-doped diamondargon. Further conductivity measurements were made as a
have been prepared by Ekimev all® using high-pressure, function of annealing temperature in steps of 100°C from
high-temperature growth procedures. Measurements on the4@00°C to 1700°C. The results presented below refer to
samples show that the highly doped diamond becomes samples annealed at 1700°C. The annealing details are dis-
type-ll superconductor with & around 4 K. cussed below and further details can be found elsewiiéfe.
Diamonds are classified according to the types of defects The boron concentration was in the range 1.0-4.2
that they contain. Unlike type-l diamonds, the type-lla dia-x 10?* cm 3, corresponding to dosages in the range
monds contain no deep-lying nitrogen level centers detect2.1—-8.4x 10'° cm 2, and was measured using secondary-ion
able by single-phonon absorption in the infrared spectrummass spectroscoIMS) analysis'>'6The results of SIMS
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FIG. 1. SIMS results for two boron-ion dosages, showing the - B EmmEgg
boron concentration in diamond versus the depth. The effective [ 1700°C “REma i
thickness of the conducting layer is taken as Q. |
analysis on two samples are shown in Fig. 1. The thickness [
of the implanted boron-ion layer was estimated both by ) I R B B B
SIMS and theTrIM-92 computer simulation prograrhto be 0 10 20 30 40 50
about 0.2um. The average boron concentration is specified T

as the total dose divided by this effective thickness. The total FIG. 2. Electrical resistandg versus temperatufefor a boron-

implanted dose and SIMS agree closely at lower concentra- | : d‘ i d le followi P ing i

tions and within 10% at concentrations abayeThe differ- implanted diamond sample following annealing In argon at tem-
be attributed to ion-b t fluctuati d eratures in the range 1200 to 1700°C. The boron concentration in

ence can be attributed 1o lon-béam current fluctuations duty, implanted surface layer is 4.88.0°1 cmi 3.

ing implantation and to the possible loss of some boron ions

to the surface or substrate during annealing. ,
Two-point dc conductivity measurements were performeotemperature resistance decreases by about two orders of

in a Janis cryostat, equipped with a Lakeshore temperatur@agnit“de as the annealing temperature is raised from 1200

controller, using a Keithley model 617 programmable electo 1700°C. Itis not possible to anneal at temperatures higher

trometer. Sample temperatures in the range 1.5—300 K wef@an 1700°C without graphitizing the diamond unless high-
measured using a calibrated Lakeshore carbon glass thfl€Ssure annealing techniques are used. These were not
mometer. The validity of the two-point measurements wagvailable for the present experiments. It is not clear what
checked using four-point technique measurements on son{gAction of the implanted boron ions is activated following
samples. Gold contacts of thickness 4@, spaced 5.5 mm annealing at 1700°C, although it is likely to be high. Hall
apart, were evaporated onto the sample using a vacuufff€Ct measurements, which were made on some samples,
deposition technique. Electrodes were attached by bondingPnfirmed the presence of hole carriers but did not provide a

annealed copper leads with silver paint and baking at 100° liable estimate of the carrier concentration because of the
in an oven. decrease in the number of implanted boron atoms very close

For the conductivity measurements, small input voltage§° the surface. Lower carrier density regions make the largest

(~1-10 V) were used. Thé-V curves confirmed ohmic be- contributions to the measured Hall voltage. This prevents
havior measurement of the average concentration using this method.

The variation in boron concentration over thiateaure-
gion of the implanted layer, taken together with the uncer-
RESULTS AND DISCUSSION tainty in the degree of activation, leads to significant varia-
tions in local activated boron concentrations in the implanted
The role of annealing has proved to be important in con{ayer. In spite of this the main features of the Ml transition in
dUCtiVity studies. We have found a dramatic increase in E|eCt‘hiS System can be exp|ored using temperature dependent
trical conductivity when samples were annealed at 1700° Cgonductivity measurements. The value of the critical concen-

compared to those obtained following annealing at lowefrationn, is somewhat uncertain but it is not possible to give
temperatures. This increase in the conductivity may be rea quantitative estimate of the uncertainty.

lated to the removalor agglomerationof compensating va-

cancy centers formed at lower temperatures, or to the dimin- INSULATING PHASE
ishing of disorder linked to vacancy related damage induced
in the implantation process. In an insulating phase at sufficiently low temperatures,

Figure 2 shows the resistance for an implantation doséransport between the distinct localized states in doped semi-
corresponding to a concentration of 4:050°* cm™2 follow- conductors is described by the well-known hopping law
ing annealing at five different temperatures. The low-expressioh?
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o ) ] implanted diamond plotted as the conductivitwersusT V2 The
FIG. 3. The boron-ion implanted diamond sample resist&®ice |inear form obtained at lower temperatures is consistent with hop-
for various dosages, versus the temperalilirea semilog plot. The  ing conduction for nonmetallic samples with boron concentrations
dosages are in units of 10cm 2. less than the MI critical concentration, estimated as 3.9
X 10°* cmi 3. The dosages are in units of $@m2.

o(T) = opexp(=[Ty/T]"), @ . . :

) _ occurring at finite temperatures. This feature becomes most
whereor, is a weakly temperature-dependent facteris the pronounced close to,, as shown in Fig. 5. Similar behavior
characteristic temperature which scales inversely with the Iopas peen observed in a number of heavily doped semicon-
calization length¢, and m is the hopping exponent. The qyctors and Castrrhas suggested that thermal excitation
variable-range hoppingvRH) regime may be classified as
Mott (m=%) or Efros-Shklovskii(ES) (m=%), depending on 7
the behavior of the single-particle density of states at the

Fermi energy as the temperature is lowered. o1
Figure 3 shows a plot of the temperature dependence of 51

the resistancdr for implantation dosages in the range 2.1

X 10* cm? to 7.5% 106 cmi 2. In Fig. 4, the conductivityr 4l

is plotted versug 2 and this shows linear regions at suffi-
ciently low temperatures for the more insulating samples.
This is consistent with ES VRH hopping. 3t

Hill and Jonschéf and Zabrodskii and Zinov'evé have
suggested a method in which th€T) ranges of Mott and ES
VRH can be identified, and the hopping exponent deter-
mined. Their procedure involves plotting the logarithmic de-
rivative of the conductivity as a function of temperature.
From Eq.(1) it follows that

dino
W_

= =(mTHT™, (2)
dinT 0 020 100 300

The advantage of this method is that no functional depen- 1
dence is assumed beforehand, and the hopping exponent can 3 10 T® 100 300
be obtained directly from the slopes of the Mfversus
log T plots, as shown in Fig. 5. This approach also permits FiG. 5. Logarithmic derivativeV [defined in Eq.(2)], of the
the determination of the paramet&g in Eq. (1) from the  diamond conductivity versu§ for boron concentrations in the
intercepts in these plots. range 1-210%' cm3. The change in slope from to 3 as the
It becomes increasingly difficult to extracy values from  temperature decreases corresponds to a change from Thiglott
the conductivity data as approaches.. The W versusT hopping to low-T Efros-Shklovskii hopping. InseW versusT, for
plots develop a region of positive slope, with a maximumn=3.9x 10?* cn™3, showing the maximum discussed in the text.

245107-3



TSHEPEet al. PHYSICAL REVIEW B 70, 245107(2004)

6000 - T T T T 7 plot of T, versus (1-n/ny), with n. estimated as 3.9
i 107 ' R X 107 cmi 3. The curve is a fit of Eq(4), and the fitting

so00 [ : 1] constants ard,=2.0x 10* K and 6=4.4. This T, value is
- 3 . comparable with the value of 2710* K calculated above.

10 3 kR The apparent change in slope from the predicted form of Eq.

] (4), observed in the inset as—n., is expected ag, be-
4] comes smaller. These data give at best an upper boufg to
g [ 1] In order to obtain more reliable values fog, lower tempera-
> 3000 |- O 17 tures are required. This feature has also been observed in
[ ol other systems, such as Si?#
Castnet® notes thatk, ~ £ close to the MI transition, and
. ; hences={+v~3v. The resulté=4.4 from Fig. 6 therefore
] implies a localization length exponent1.5. This value is
close to the conductivity critical exponent=1.7, deter-

4000 [ [
i 2

:

2000 |

1000 |

mined in the next section. Wegréscaling suggests that in
[ ] three dimensiong= .
0 FHrrrrrrr ULRARR A A conductivity crossover from Mott to ES hopping is

R =L
Lo 15 20 25 30 35 40 found at relatively high temperatufésnd a brief account of

# (107 cm™) an analysis of these results, using a scaling method, has been
given elsewheré>2’An alternative scaling method has been
suggested by Mobiug This method works quite well with

values were obtained from Figs.(®) and 4(), respectively. It our data, consist_ent with E_S hopping _being the p”maf}’
becomes increasingly difficult to extract reliable valuegTgfrom  transport mechanism on the insulating side of the MI transi-

the data a:— n.. Inset: Logarithmic plot ofly versus(1-n/ny), tion. » . ) .
with n, taken as 3.& 107* cm3. Important quantities in the variable range conduction

theory are the ratid,q,/ &, whereRy,, is the mean hopping

. . : , . _distance, and\,, the mean hopping energy difference be-
of carriers to the mobility edge is responsible for this phe ween localized impurity sites. In the ES VRH case, we

nomenon. In this concentration range, it is desirable to mak av@®
conductivity measurements at lower temperatures in order to

FIG. 6. The ES characteristic temperatdig as a function of
the boron concentration, in nonmetallic diamond samples. Thg

obtain reliable values fofy. Temperatures below 1.5 K were RuopedT) _ 1( To 172
not available for the present work. _p—g “a\T (5)

The ES characteristic temperaturgfor hopping conduc-
tion in systems where Coulomb gap effects are important isind
given by

2.8¢? (6)

o~ 47Tk3808r§,

T0)1/2
? .

1

A T) =<k T(
(3) hop,Eé ) 2 B
The validity of the ES VRH expressions depends on the
with ¢, the relative permittivity and the localization length.  condition Rhog(T)/§>1. Using values foiT, extracted from
The behavior ok, and ¢ with concentration fon approach-  the low temperature ES region shows that, in this range, the
ing n; from the insulating side may be expressed in terms otgndition Ruop(T) > & is well satisfied. Furthermore\yq, es
critical exponents ase =g,o(1-n/ny)¢ and £=§y(1 >KkgT, as may be expected. ’

—-n/ny)~". With these forms, Eq(3) becomes The ES density of states near the Fermi level in three
2 ge? . dimensions may be written &s
To=————(1-nin)®=Ty(1 -niny)°, (4) 6 233
Akgege 0o Brelsy
, ) 9E-Ep)=|—5% |J(E-ER)=0o (E-Ep). (7)
with 6=¢+v. The Coulomb gap widthA-¢ collapses as 2%

tends towards, corresponding to the divergencegfandé.
The Mott hopping law is obeyed unle3ss sufficiently low
so thatkgT<Acg. The value ofTy for n<n, may be esti-
mated using Eq(3), with £,=5.7, andé=0.3 nm as the ef- ke T,
fective Bohr radius of the boron center in diamaddrhis @= F_;(Wgo)llsz"'ﬁx 10" To. (8)
gives Ty=2.7x 10* K (2.3 eV), which is much larger than
values;s obtained for many doped semiconductors such ddsing Eq.(5) gives
Si:B. - -6 -1/2

Figure 6 shows a plot o, obtained from the lowTl Rhop 5= 5.2 107(ToT) % ©
conductivity data, versus. The T, values were obtained T, becomes small close t@, as may be seen from Fig. 6.
from the intercepts in Fig. 5, using E@®) with m=1/2, and  In this range, at low temperatures, it is possible Ra}, es
from the slopes in Fig. 4, using E@l). The inset shows a ~t, wheret is the doped layer thickness ef0.2 um. A

Taking the dielectric constarng, =5.7 for diamond gives
for the tunneling exponent(=1/£) in Sl units a$°
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FIG. 7. The conductivity of three boron-implanted diamond
samples, indicating metallic-type behavior, ver3us

o (Slem)

dimensional crossover may occur but we have not obtained
clear evidence for this.

(b) T (K"

METALLIC PHASE . o .
FIG. 8. (a) The estimated =0 K conductivity, obtained by ex-

We now report on three samples implanted to total Con_trapolation, as a function of boron concentration, for the three high-
centrations 3p9< 102 eni 3 (samgle A p4 05x 102 @ est doped diamond samples. The MI critical concentration is deter-

1.g . mined asn,~3.9x 10?* cm 3. The curve is based on E(lL1) . (b)
(sample B, and 4.2x 107 cm (sample G. The conductiv- Conductivity of sample A versus™ for m=1/2 andm=1/3. The

ity of these samples is Shown in Fig. 7. In order to obtain, 5 em=1/3 provides a superior linear plot of the data. The expo-
o(0), we use the expression nentm=1/3 ispredicted by the Al'tshuler-Aronov expressiéRef.
28) for just-metallic systems.

o(T) = o(0) + bT™ (10

n- n°>ﬂ. (11)

C

o(0) = (ro(

and extrapolate to zero temperature. The second term in EQve obtainu~1.7, with a large uncertainty because of the
(10 is due to quantum corrections to the conductivity relatedsmall number of points involved and the large extrapolation
to the electron-electron interaction and has been studied ijsed in obtainings(0).

detail in metallic systems.Many workers have chosem Alternative procedures for analyzing conductivity data in
=1/2. However, according to the Al'tshuler-Aronov the yicinity of n, have been proposed by Watanaiteal 3!
expressiort/ close to the transition the exponensshould be  and Shiimalet al32 The Watanabet al. method allows for a

transmutation-doped Ge: Ga. _ _ from the metallic side and is based on the Al'tshuler and
Figure 8a) showso(0) versusn for implantation dosages  Aronov3? calculation, which gives

which are close to the MI transition. The values ®{0)
were obtained by extrapolation using Ed0) . Justification
for usingm=1/3 isindicated in Fig. &), which showss(T)
plotted againsT™/? and T*/® for the sample with boron con-
centration 3.% 10?* cmi™3, It can be seen that the experimen- Wherec is a temperature-insensitive constant involving the
tal data for sample A agree with tHE® form rather than density of states at the Fermi level. &0) tends to zero, Eq.
T2 A crossover fromiT/3 in the vicinity of the transition to  (12) predicts thair(T) is proportional tor*'3, Figure 9 shows
TY2 with increasing boron concentration is observed, ina plot of o versus(T/o)*? for the three samples A, B, and C.
agreement with theoretical predictions. From this plot, A appears to be just-insulating and B metal-

Sample A appears to be very close to the MI transitionJic. This implies that n, is in the range 3.9-4.05
suggestingn.~3.9x 107 cm3, consistent with thel, ver- X 10? cm3. Note that, in the case of C, the plot tends to
susn plot. The plot ofa(0) versusn, shown in Fig. 83), then  linear form only at the lowest temperatures, while for A and
gives the critical exponent by fitting the scaling relation B the points lie on straight lines over a larger range.

T 1/2
a(T)=0o(0) + C(ﬁ) , (12
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120 much greater than the lattice spacing of diamond. It is likely
that an impurity band is formed at high boron concentrations
] but further work is needed to confirm this.

The value of the critical exponent is higher than found in
many other uncompensated semiconductors, such as Si:P,
for which ,u:% has been reported. Our results suggest that
boron doped diamond is in a different universality class to

100 [

80 |

E 60 ] other doped semiconductors, such as silicon and germanium.
% [ ] We have not found evidence for a superconducting tran-
40 - () - sition in our implanted samples. This may be due to the

boron concentrations not being sufficiently high or because
of residual lattice defects which remain after annealing at
1700°C. In the recent discovery of superconductivity in
high-pressure, high-temperature synthesized boron-doped
diamond!® boron concentrations approaching 4.9
X 10%* cm™2 were achieved. It should be possible to achieve
(T/9)" (K Q-cm)"” these concentrations using implantation methods but it may
be necessary to anneal the implanted diamond at high pres-

FIG. 9. Electrical conductivityr versus(T/o)'% as given in  gyres and at temperatures exceeding 1700°C to remove re-
Eq. (12) in the text, for boron-implanted diamond with boron con- gjqual defects.

centrations close to the MI critical concentration.

0 0.5 1.0 1.5 2.0

CONCLUSION
Shlimak et al3? have suggested that. and x can be

obtained without having to extrapolate the conductivity data USINg low-temperature electrical conductivity measure-
to zero temperature, provided the slopes of sheersusT ments, we have observed the MI transition in surface layers

curves are the same. For the curves to be parali@hdm in of a.heavily i_on—implanted. natural .diamor_ld of high purity.
Eq. (10) should be the same for differentvalues. Using this lon implantation was carried out in multiple steps at low
approach, to findn, and x, the relation Aa(T)=0,(T") temperature, with annealing between steps and final anneal-
-0, (T') is applied at any fairly low temperatui®. It is ing at 1700°C.

: . . . The critical concentrationn, is estimated to be 3.9
claimed that the results obtained farare quite precise and P L o
) o ) . X 10°* cm2 and the conductivity critical exponept~1.7.
insensitive to the choice of the temperature and small

variations inn.. These claims have been questioned by Sa]’here Is some uncertainty in thg value as the fraction of

rachik and Bogdanovick who find that the Shlimak method implanted boron ions which is activated is not known, al-

should be used with caution for Si:B and that extrapoIatiorig&uger:aitr'es aﬁﬁggﬁfd 'It'?\ebceonrggrk:tr:t)iltl)cr)wwcl)?gb(:?()en T(;%Z is
to T=0 K is preferable. P 9.

The Shlimak method produces an exponentuof 1.8 somewhat dependent on depth below the diamond surface, as

. . . . revealed by SIMS analysis, even though efforts were made in
using the lowest temperature data. This is consistent with thFne implan%/ation procezs to achieve aghomogeneous distribu-
estimate obtained by extrapolation of the conductivity plots

as described above, and suggests that the Shlimak methlcgign' S . .
may be applicable in diamond. On the metallic side of the transition, the electrical con-

To characterize the MI transition. Shlimagt al32 have ductivity follows aT™ law at low temperatures, in agreement
introduced a parametet given b ' ' with recent work on other semiconductors. For just-metallic
P 9 y samplesn=1/3,tending tom=1/2 athigher concentrations.
R(T1)<T1>l/3 For n<n,, variable range hopping conduction is observed,
T,

X= * (13 with a crossover from Efros-Shklovskii to Mott hopping oc-
R(T) curring as the temperature is raised.
with R(T;) andT; (i=1,2) lying in the region where Eq11)
is obeyed. Samples witk™>1 demonstrate metallic conduc- ACKNOWLEDGMENTS
tivity, those withx<1 insulating behavior, whil&=1 corre- Helpful discussions with Dr Boris Aronzon of the Kur-
sponds tan.. chatov Institute, Moscow are gratefully acknowledged. The
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