Electrical resistivity of bismuth implanted into silicon
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We investigate the electrical properties of Bi-doped Si samples, prepared by ion implantation, in a
range of concentrations around and above the metal-nonmetal transition. Comparison between
experimental and theoretical values of the resistivity brought out that in these samples a similar
behavior is observed as for otherdoped Si, thus confirming the results obtained in the same range

of impurity concentration, i.eg(Sbh<p(P)<p(As)<p(Bi). © 1996 American Institute of Physics.
[S0021-897€06)05404-X]

INTRODUCTION systems10-1317.18n gj:p, for instance, increasing tempera-

) ) ) o ture, from 4.2 to 300 K, results in a lower resistivity below
The theoretical and experimental investigations of thea MNM transition'®2 There is a crossover @faroundN
. Cc

t_ransport propert.ies of hegvily doped semiconductors CONtor this range of temperatures. Above this vajyat 4.2 K,
tinue to be a topic of considerable mterlés"f Recently the  hresents a similar behavior for those higher temperatures,
systems Si:F>1°7Si:As ¥ 213 Si:Sb? Si-Bi* SiBand o 77 and 300 K, respectivel§®2°The results obtained

Si doubly doped with P and As d‘g?gfs':P' As,® and P confirm the general features of the resistivity, i.e.,
donors and B acceptorgSi:P,B), and other pair p(Sb<p(P)<p(As)<p(Bi). 32122

system&!*15 have again demonstrated the interest of such

investigations. Nevertheless, some lack of experimental and

theoretical information exists, particularly for Bi, the last

dopant of the V column of the periodic table, which has bequXPERIMENTAL DETAILS

observed to have a low equilibrium solid solubility limit in

silicon crystal8 1t is worthwhile to point out that the Si:Bi The Si wafers used in this work were pftype and(100
system has not been given much attention probably becauggjented with resistivity in the range of 16—25cm Van der
of its large ionization energy and smaller effective Bohr ra-p5,w structuréd having low sheet resistance are@s20
dius, i.e.,E;=71 meV anda*=8.9 A, respectively, com- 7 phosphorus dopedvere implanted at nominal room
pared to*the three donors, P, As, and Sb. With such values ¢fmperature with Bt. Five implantations with energies of
E, anda™ the theory of the effective mass was expected t035 70 120, 200, and 360 keV were accumulated in each
be less ap*pllcable to the SiBi sysFém‘zwmg to the smaller  sample with proper doses to result in a plateaulike depth
value ofa* one expects that a higher donor concentratmrbrome of Bi with ~5% deviation up to the depth of 0.18n,
will be required to reach a metallic regime, i.e., above theaccording {OTRIM simulation*
metal-nonmetalMNM) transition. - Samples with Bi concentrations ofx&0Y, 5x10',

The aim of this work is to investigate the Hall mobility 1. 1019 5x10! 1x10%° and 5<10%° cm3 were prepared
my and resistivityp of Si:Bi in a range of doping around and 4,4 |abeled as samples 1, 2, 3, 4, 5, and 6, respectively. For
above the MNM transition. The experimental procedure is agample 6 the implanted Bi doses arg B cm™2 (at 35
room temperature with the samples prepared by ion implankev) 7x 104 cm 2 (at 70 ke\j, 8x10% cm2 (at 120 keVf
tation, which is an important method of making semiconduc-; 4><’1015 cm2 (at 200 keVf :';md 2.5¢10"° cm 2 (at 366

. 6 . y .

tor devices. keV). For the samples 1, 2, 3, 4, and 5 these doses were

The theoretical calculations are carried out at a similaraq,ced by a factor of 1000, 100, 50, 10, and 5 times, re-
doping regime. The impurity critical concentratidh for the  ghectively. T '

MNM transition has been proposed to describe the specific’ 11 damage annealing and the electrical activation of Bi
feature of the transigion. Ege valuesNf were found tovary ;4 performed at 600 °C for 30 min in an inert atmosphere.
from 1.0 to 1.8<10"° cm v o Since Bi+ doses for samples 1, 2, and 3 were below the

In the measured resistivity of the Si:Bi system we 0b-y,reshold for amorphization a second annealing step at

serve a continuous increase of resistivity arotfid going g0 °C for 60 s was performed to enhance the electrical ac-
below the metallic region. This behavior is more accentuatedy ation of Bi.

in SiBi  compared to other n-type-doped = Si The van der Pauw devices were electrically character-
ized by sheet resistivitiR(Q2/[1) and Hall measurements at

dE|ectronic mail: ferreira@Ilas.inpe.br room temperature.
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TABLE |. Room-temperature measurements of Si:Bi.

LI BRI T 1o T 1T rrm T T 17T

Sample R (Q/H) w(EmVs) ng(em?d Ny (em™3) p(Qcm E Si+Bi E
0.04 [ 7
1 3424 535 3.410%  3.0x107  0.039 £ ®© @ DATA (300K) 4
2 1112 277 2.6108%  1.8x10®  0.012 - E —e= T:§°RY(33°K’ 3
3 708 189 4%10°  4.0x10%  0.0083 € 3 —== THEORY( 4K ) 3
4 9 © 0.03F b
4 302 77 2.x104  2.2x10" 0.0037 c E 3
5 187 59 5.K10%  4.8x10"°  0.0022 2 E E
6 929 38 1.x10"®%  1.4x10°  0.0012 > E 3
F oo2F ]
> g E
= E 3
@ E 1
m 0.01 | ]
RESULTS AND DISCUSSION o o 3
The room-temperature impurity resistivity is calculated 0.00 Bl 1 Lol St

P purtty A 107 10%* 10" 102 102!

from the generalized Drude approa@BDA),?>?°
DONOR CONCENTRATION (cm™)

w) —im*w 2 fxd qz( 1 1 )
p(w)= > +i o} — .
Nge 377Ndkw 0 6(q'W) 6(q’0) FIG. 1. The room-temperature resistivityof Si:Bi as a function of donor

(1) impurity concentratiorNy. The dotted-dashed and dashed lines represent

. . . . our calculations at 300 and 4 K, using E@$) and(2), respectively.
This expression is assumed to be valid for all frequen- 9 Ba) and(2), resp y

ciesw, especially for zero frequency which is the limit of
interest here. In Eq(1) (q,0) is the static temperature-
dependent random-phase-approximatiGRPA) dielectric

function of the donor electronm* is the effective mass, and
k is the dielectric constant of the materfaf® with Ng

. . In Fig. 1 we plot the resistivity of Si:Bi as a function of
For the sake of comparison the low-temperature impu- . : ; :
. Co . N impurity concentration for both experimental and theoretical
rity resistivity p=1/c (inverse of the conductivity) is also

calculated from the Sommerfeld expansion, where we I(eeresults. The experimental data, at room temperature, are rep-

esented by solid circles. The line joining the circles is ob-
only the lower-order terms. Therefore, we can use such Al od by fitting of the equation
expansion folT <10 K, which is the validity of this calcula- y 9 g

tion, to obtairi® p=bN™2 (5)

o=0yt+ Ao, (2) wherea=0.5517 andb=1.582x10 8. We observe a con-
tinuous increase of the resistivity with decreasing doping re-
gime around X10'° cm™3, where, at very low temperature,
one expects a MNM transitioh.

which is a good approximation for heavily doped
semiconductor$® The carrier concentratioN is identified

where gy is the zero temperature conductivity derived from
the Kubo formalism, given by’

eN, df(E) This continuous increase of resistivity at room tempera-

Uozﬁf 2 (EF'Nd)(F)dE (3 ture is more accentuated than, for instance, in the Si:P
and

AU:f[TlD(EF)] (4) 102 T T T 1111
In the above equationg,, is the number of valleys of the . Bli FI’RI;SEINITI \INORK
conduction bandN, =6 for Si),> N4 is the donor impurity ® As LOGAN ET AL.
concentrationE is the Fermi energyD (E¢) is the density I < e AR
of states aEg, andf(E) is the Fermi distribution function. \‘\ o Sb LOGAN ET AL.

For the MNM transition four criteria have been used to —_ N ‘\
determineN., based mainly on use of a regular lattice, a 5 2 \x ‘
randomlike distribution of impurities, a disordered one-band c \‘\ \\\
model, and the Hubbard model. The values\gfvary from a o‘h% NN
1.0 to 1.8<10" cm 32 The latter value oN,, correspond- 163 AR \’v
ing to the two first criteria, is closer to the value obtained
from the general expression of the Mott criterigne., 2N
Ni%a*=0.25) for the MNM transitiorf’ We adopt this o
value. 10° 2 5 1020 2

Nd (cm3)

In Table | we show the measured values of the samples
with concentration varying from 3010 to 1.4x10%°
—3 [PRPCRETR hy= FIG. 2. Log—log plot of resistivity vs impurity concentration at room tem-
cm . The resistivity Is calculated l/q’U“N and the Hall perature, for silicon samples doped, respectively, with bismuth, arsenic,

coefficient by the relatioRy=1/Nq, whereq ?s the electri- phosphorus, and antimony. The data @ As, (x) P, and(O) Sb are from
cal charge. It means that the Hall scattering facter 1, Logan and co-workeréRef. 21) and(0) P are from Ref. 22.
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FIG. 3. Hall mobility w,; vs donor impurity concentration of Si:Bi at room
temperature.

systemt>?°We may argue that this is due to its low ioniza-
tion energy of 71 meV, compared to 45 meV of Si:P, which
will lead to higher values oN, at the MNM transition.

10'® cm ™3 we confirm the general feature observed for resis-
tivity, i.e, p(Bi)>p(As)>p(P)>p(Sh).>?!

Figure 3 shows the room-temperature Hall mobility as a
function of bismuth concentration. We observe that the quali-
tative and quantitative values, above*16m™3, are similar
to those obtained by Mousty, Ostoja, and Passan for?%i:P.
Above Nyz=2x10" cm™3 the values of uy=puq~10
cn?/V s are close to the theoretical prediction.

In the absence of a complete study in Si:Bi comparable,
at least, to the Mousty and co-workers workn Si:P, we
conclude that further analysis of this system is certainly very
interesting. Such work is under consideration even at very
low temperature and will be reported in the near future.
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