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Transport properties of silicon implanted with bismuth
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The Hall effect and resistivity of Si:Bi with donor concentration varying from>310'7 to 1.4x 10%°
cm 2 were measured from room temperature down to 13 K. The samples were prepared ibypRintation
in Van der Pauw structures delineated in Si chips. The measured resistivities were compared with the ones
calculated by a generalized Drude approach at similar temperatures and doping concentration, presenting fairly
good agreement. The critical impurity concentratipnof the metal-nonmetal transition was measured to be
around 2 10™ cm™ 2. The critical concentratiohl, was calculated by comparing the ionization energy of the
insulating phase with the total energy of the metallic phase. This vali, @fgreed very well with the one
obtained experimentally and the values estimated from other theoretical apprd&€He&3-18207)01612-3

INTRODUCTION phaseE;. The ionization energ¥, is calculated using the
dielectric function model with a Lorentz-Lorenz correction.
The interest in the experimental and the theoretical invesThis value ofN,. obtained in such a general mode is com-
tigation of the electronic properties of-doped silicon has pared with the ones estimated from other theoretical ap-
recenﬂy increasea'_zo The importance of disorder and cor- proaches and the experimental value determined during this
relation effects around the impurity critical concentrattép ~ Work.
for the metal—nonmer'iaﬂll\(/)INM) transition is still the subject
of many investigatiori~
Bismuth-doped silicor(Si:Bi), which has received much EXPERIMENT
less attention than other donors in Si, has a larger ionization We usep-type,(100-oriented Si wafers with resistivity in
energy (smaller effective Bohr radigisand consequently the range 16—2%) cm. Bismuth was implanted at room tem-
higher critical concentratiol, when compared to the other perature in Van der Pauw structufewith contact areas pre-
groupV donors (P, As, and Sp!! These characteristics senting low sheet resistance20 Q/C], phosphorous dopéd
make the Si:Bi system very appropriate for the theoreticaFive implantation with energies of 360, 200, 120, 70, and 35
modeling of the transport properties from the insulating tokeV were accumulated in each sample with proper doses to
the metallic phase, as well as for the investigation of theresult in a plateaulike profile of Bi from the surface to the
different mechanisms responsible for the MNM transition. depth of 0.12um with ~5% deviation, according toRIM
In this work, the primary emphasis will be on the resis-code simulatiorf?
tivity and Hall effect measurements in Si:Bi, from room tem-  The implanted Bi doses were X80 cm 2 (at 360
perature down to 13 K, with variation of the impurity con- keV), 1.4x10'° cm2 (at 200 keVf, 8x10" cm™2 (at 120
centration in the insulator to metallic range. The measuredeV), 7x10** cm 2 (at 70 ke\j, and 5<10** cm 2 (at 35
samples were prepared by'Bimplantation in Van der Pauw keV) in order to achieve a Bi concentration ok&0?° cm™3,
structures delineated in Si chips. The band conduction and@ihe doses in the other samples were scaled to this sample
impurity conduction activation energies were obtained fromwith 5x10?° cm™3, according to the ratio of the desired Bi
the slopes of the two branches of the resistivity curves.  concentration. Samples with implanted Bi concentration
The resistivities obtained experimentally are comparedrom 5x10' to 5x10?° cm 2 were prepared.
with the ones calculated from a recently proposed general- The damage annealing and the electrical activation of Bi
ized Drude approactGDA) at similar temperatures and dop- were performed at 600 °C for 30 min in inert atmosphere in
ing regimes. For the resistivity calculation, we start from aa halogen lamp furnace. For samples with Bi concentration
frequency-dependent general expression for a polar semicofess than k10 cm 3, a second annealing step was per-
ductor, reducing it to a nonpolar one in the static regimeformed at 900 °C for 60 s. The annealing process is de-
considering the effects of scattering by a random distributiorscribed in detail elsewhere?
of Coulomb impurities. The value of the critical concentra- The as-implanted and annealed samples were analyzed by
tion N, is obtained by comparing the ionization energy in theRutherford backscattering spectrometry using 760-ke¥"He
insulating phaseE, with the total energy in the metallic beam in random and ifl00)-aligned(RBS/Q incidence di-
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FIG. 1. Carrier depth profile of a sample implanted with the ; . . 1.4x10%° cm®
highest Bi dosg5.9x10' cm™?) after annealing at 600 °C for 30 000 ' 002 ' 004 006 008
min.
1T (K™

rections. The carrier concentration depth distribution was ob- _ o S _
tained in the annealed Van der Pauw devices via sequential FIG. 2. Ele_ctrlcal resistivity qf Si:Bi with different donor impu-
anodic oxidation and oxide striping followed by sheet resis1y concentrationNy versus the inverse temperature.
tance and Hall effect measurements.

The electrical measurements were performed in an autgduring solid-phase epitaxial regrowth of an amorphized layer
mated Keithley 180A Hall effect system. The Van der Pauwand presents metastability during anneafihg.
Si:Bi samples were mounted in a He closed-cycle cryostat Figures 2 and 3 show the electrical resistivity and Hall
that allowed Hall effect and resistivity measurements fromcoefficient of the Si:Bi samples with different donor impurity
room temperature down to 13 K. The measured electron corgoncentratiorNy as a function of temperature. The metallic
centration of the prepared samples at 290 K ranged frosharacter of the samples witdy higher than X10" cm™2
3.0x10 to 1.4x10%° cm 3, these values are considered in (three curves in the bottom part of both grapissevidenced
this work as the donor impurity concentratidty of the by the temperature-independent values of both resistivity and

samples. Hall coefficient through the whole temperature range inves-
tigated.
For samples with Bi donor concentration less tharlg'®
RESULTS

RBS/C analysis revealed that the as-implanted sample . , - ™)
with the lower Bi dose(total dose of 5.%10 cm ?) is 104k A%‘X 1
crystalline with defect concentration level of 10% in a layer ] N.=3x10" om®
extending from the surface up to the depth of 0/4®. In I
other samples the Bi-implanted layer was rendered amor- 10% f Si'Bi 1
phous. A

-
o
N
T

The layer implanted to the highest Bi do&etal dose of
5.9x 10" cm?) was epitaxially recrystallized during anneal-
ing, presenting a residual defect concentration below the de-
tection level of our RBS/C analysitess than 1% However,

a highly defective layefthickness of 20 nmnremained at the
sample surface. In the other samples the residual defect con-
centration after annealing is below the detection level along
all the depth.

Figure 1 shows the carrier concentration depth profile of

A

o
o
—
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2.2x10"% em™®
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4.8x10"% em™®

hall coefficient (cm®/C)
)

the sample implanted with the highest total Bi dose 1071 | — 9
(5.9x10" cm?) after annealing. The profile is flat topped, st 00 000 o
extending from a depth of 10 nm up to 120 nm, with an o 1.4x10%° m™

H O *3 H - =, 1 1 1 I
average concentration of x4.0%° cm 3. This value repre 100.00 002 004 006 008

sents an electrical activation of about 28% of the implanted

Bi atoms. It is interesting to point out that this activated 1T (K
concentration is three orders of magnitude higher than the
solid solubility of Bi in Si at 1100 °C’ Such a highly acti- FIG. 3. Temperature dependence of the Hall coefficient of Si:Bi

vated Bi concentration has been previously observed to forrsamples with different donor concentratibiy .
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TABLE I. Band conduction activation enerdy; and the impu-

. . L s 108 . T
rity conduction activation energl, for Si:Bi. 102 Si‘Bi a) _
Ny (Cm*3) E; (10*3 eV) E, (10*3 ev) experimental
10" —o—13K
3.0x10Y 70.6 2.2 . —o— 50K
1.8x10'® 40.2 1.5 10 —A—Woﬁ
4.0x1018 316 0.3 107 D
A\
=
cm 3, the large enhancement in the resistivity and Hall co- 10°

efficient as the temperature decreases, due to the reduction of
free electrons in the conduction band, demonstrates the semi-

.b)_

resistivity (Q cm)
3

conductor properties of the Si:Bi samples in this range of 101 o 0 ]
Ny . At the temperature where the impurity conduction starts 1 GDA theory
to replace the band conduction transport, the Hall coefficient 10° L
curves of these samples show a maximum and the resistivity B ° o9
curves change their slopes drastically. As shown in Fig. 3, 10 A
the maximum in the Hall coefficient curves shifts to higher 102 oy
temperatures aldl, increases. °

The band conduction activation enerBy and the impu- 10° ¢
rity conduction activation energ¥, calculated from the 1074 , ) ,
slopes of the two branches of the |gg vs 1/T curves are 10" 10'8 101 102
shown in Table | for the three semiconducting samples. The 3
value E;=71 meV, considered as the donor ionization en- Ny (cm™)

ergy of Bi in Sil! was found only for the most diluted

sample withN4=3x10'" cm 3. As the donor concentration ~ FIG. 4. Si:Bi resistivity as a function of the donor concentration
N4 increases towards the critical concentrathtn, the mea-  Nq (2) measured at different temperatures abdcalculated by the
sured activation enerdy, decreases its value, as expected ingeneralized Drude approach at the saevalues and tempera-
such a MNM transitiorf> The values of, shown in Table |  tures.

were calculated in the part of the curve wher& i higher ) )

than 0.03 K%, as only at these temperatures the slopes ap¥ith a generalized complex-valued and frequency-dependent
proach a constant value. These values are very small, shokelaxation timer(w). The expression found fo(w) is valid
ing an almost metallic impurity conduction. This fact was for all frequencies, in particular for zero frequency, which is
also observed for GaAs:Mn, which is an acceptor with al-What we are interested in here. The net effect of the GDA is
most the same ionization energy of Bi in%iThe activation ~ derived in t7h2% more general case of a polar
energyE, also decreases &, increases, showing the same semiconductof’?° The resistivity is then obtained asol/

behavior as foE, . and is found to b¥
Figure 4a) shows the resistivity dependence of Si:Bi on - .
the donor impurity concentratioMy at different tempera- ()= —imw 12

tures. We can observe that all the curpes N4 for different Nge* 37Ny

temperatures merge together to one critical point. This plot

indicates clearly that the critical impurity concentratiip % fxqz [a(q, @)~ a(q.0][e(d. @)+ (q.0] d

for the metal-nonmetal transition is arouns 20'° cm™2 for 0 £5(0,0)e7(q,®)

silicon doped with bismuth. Figurgld) shows the theoretical @)
resistivity of Si:Bi calculated from the generalized Drude

approach with the same donor concentration and temperan the above expressiohl, is the donor impurity concentra-
tures of Fig. 4a). The calculations using the GDA method to tion, e is the electric chargan* is the effective massy is
determine the resistivity and the theoretical determination ofhe polarizability from the carriers, is the lattice dielectric
the critical concentration of Si:Bi are described in the nextfunction, ande; is the total dielectric functioR’

section. For frequency independent and no phonon polarizabil-

ity, Eq. (2) reduces to the expression for a nonpolar
THEORY AND DISCUSSION semiconductdr'®
In order to calculate the dependence of the resistivity on —im*w i2 = 1 1

temperature and impurity concentration, we use the generalp(w) = 7+ J q - dqg,

. N N

ized Drude approach. In the GDA, one starts from a gener- d€ 3mNgw Jo = ler(q,0)  27(a,0) 3)

alized Drude expression for the dynamical conductiv-

ity?0:2728 which is identical to the result obtained in the so-called en-
ergy loss method® We have assumed a random distribution

Ne 1 ()  of Coulomb impurities.

o(@)= 1 Ur(w)—iw' The dielectric functiorer is given by
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e1(0,w)=e+vay(q,w)tivay(q,w), 4) day(Q,W)
wheree is the dielectric constant for Si arg and«, are the 160k (= 5 W oo
real and imaginary parts of the polarizabilities from one of p(0)= Q 2 dQ. ®)
ginary p p 127NgEr Jo [e+va1(Q,0)]

the v valleys of dopant carriers. The number of valleys is 6
in Si, and these functions are temperature dependent.

We are interested in the static resistivity, which can beThe imaginary part can be obtained analytically in the
written as random-phase approximatidhlt is given by

* A2

(cosr{B[w+(Q2+w2/Q2— M)/2]}
" CosHB[W=(QZ+WZQ?—M)/2]}

aZ(in):_ 8ﬁk|:Q3B )_ZBW} (6)

where we have introduced the dimensionless variablethroughout this level and the continuum states according to
Q=0/2kz, W=fw/dEr, B=BEg, and M=u/Er. The the Fermi-Dirac distribution function. We compare the en-
guantity kg is the Fermi wave numbeE, is the Fermi en- ergy in the insulating phase, the ionization enekgy with
ergy, u is the chemical potential, ang=1/KgT, whereKg is  the energy per electron in the metallic phdsge. The later

the Boltzmann constant. The real part can be obtained frorone includes the kinetic energy, the exchange and correlation
the imaginary part through the Kramers-Kronig dispersionenergies, and the electron-ion interaction energy. The reader

relation. should refer to Refs. 33 and 34 for more details about the
The resistivity is reduced to derivation of this total energy.
The ionization energ¥, is determined using the Lorentz
2u(m*e)? (= {1—tanj0.5B(Q>—M)]} expression for the dielectric function with the Lorentz-
p(0)= 3Ny ke Jo Qle +vay(Q,0)] Q. Lorenz correction. The dielectric function for silicon plus
7) unionized donors is
The temperature variation @f is obtained from the implicit A7Nyaqw?
expressiotf+32 = T 4™Nhan
:1+ (,00 w 11l w (9)
u 3y s(w) 1 47TNuade ’
B2~ fo Toy? (AT L=y 2}y, (@®) SR ey vl

where U:(1+e—A)—1/2 and A=BM=pg. For a givenA whereN,, is the density of unionized donorl,, is the con-

one obtaind. This means that a relation betwegrandB is  {fibution of the host charge density=7, is the ionization

found. energy for a single donor, ang, anda;, are the contribution
The calculated resistivity of Si:Bi as a function of impu- from the static polarizabilities for the unionized donors and

fity concentration and temperature obtained using the procd0St respectively. , o

dure described above is presented in Figp) 4For compari- Developing the expression far(w), the ionization fre-

son, the resistivities of Si:Bi were calculated at the samé&lUencye, can be identified as

donor concentration and temperatures of the measured

1/2
samplegFig. 4a)]. In both graphs, the resistivity at different 4m(xk+2)Nyag

temperatures converge to one common value at the same 1= wo| 1 9 ' (10
donor concentration aroundx20'® cm™3, which is deter-

mined to be the critical concentratiod, for the MNM tran- ~ Where

sition in Si:Bi. Despite the differences in the absolute resis-

tivity values, both measured and calculajeds N, curves =1+ 4mNnhar, _ (11)
presented similar forms. However, a qualitative difference 1—3(47Npay)

between the theoretical and experimental curves is observed
for the low-density region at low temperatures. The theoretThe ionization energ¥, =7 w, as a function o, is written
ical curves show a much weaker density dependence than tia¢
experimental ones. This is probably due to the neglect of
multiple scattering in the theory. Multiple scattering, which
leads to an enhancement of the resistivity, becomes of in-
creasing importance at lower carrier concentration and tem-
perature. where we have usedy=9/2a3 and the Bohr radius for the
To determine the impurity critical concentration for the donor ay=e?/2«E,, expressed as a function of the ioniza-
MNM transition we use a model with one localized donortion energy for an isolated dond,. The density of union-
level below the conduction band. The carriers are distributedzed donord\,, is related to the donor impurity concentration

1/2

Ei=E1 : 12

4

m(k+2)N, [ € \3
KEO
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o — T — paring E, with Es py just finding th_e donor conqentra’gion
= Si+ Bi - whereE, vanishes in Eq(12), replacingx by the dielectric

- - constant and assumingy,=N,. We foundN.=1.69x10"°

~ ] and 1.8&10™ cm 3 for e=11.4 and 12.0, respectively, with

\/__ the sameEy,=71 meV of Bi in Si. Both values df; are very

N - | close to a value estimated previoushy.e., N;=1.8x10"

4 cm 3. These values of the impurity critical concentratidp

L . of Si:Bi determined theoretically by different methods agree

r | N very well with the value determined experimentally in this
01 | I I L1 il Work

ENERGY (e V)

-

10'® 10" 10%°

Ng (cm>) CONCLUSION

In summary, the resistivity and Hall effect of silicon im-
planted with bismuth with impurity concentrations in the in-
sulator to metallic phase were investigated experimentally as
a function of temperature. The generalized Drude approach
used to calculate the concentration and temperature-
Ny according to the Fermi-Dirac distribution with the chemi- dependent resistivity worked well for the Si:Bi system, pre-
cal potentialu determined by Eq(8). senting fairly good agreement with the experimental results.

The ionization energy in the insulating phdsefor Si:Bi ~ The model, in which the ionization energy of the insulating
was calculated using E(L2) and assuming the experimental phase is compared with the total energy in the metallic
value of 71 meV forE,. This value of 71 meV is considered phase, applied to determine the impurity critical concentra-
to be the donor ionization energy of Bi in Si and was mea-ion for the MNM transition of Si:Bi presented good results
sured in this work for the most diluted samgfiest E; value  when compared with the experimental value obtained here

in Table |). Figure 5 shows the ionization energy of the in- and the estimated values derived by other theoretical ap-
sulating phasé&, (dashed curveand the energy of the me- proaches.

tallic phaseE+ (solid curve of Si:Bi as a function of the

impurity donor concentratiotNy. At the point where these

energies cross, we obtain the critical concentrabigrior the

MNM transition. The value\. obtained in the crossing point The authors acknowledge FAPESRProject No.

is 1.69<10"° cm 3. 94/1798-3 and the Brazilian Research Council CNPq for the
The critical concentratiofl, can be obtained in a simpler financial support. We also thank Professors M. Sarachik and

way instead of the complex method of calculating and comH. v. Lohneysen for very helpful correspondence.

FIG. 5. lonization energy of the insulating phaEe (dashed
curve and the energy of the metallic phagg (solid curve of
Si:Bi versus the donor concentratidd .
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