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The electrical resistivity was investigated from room temperature down to 1.7 K for the shallow
acceptor carbon in GaAs prepared by ion implantation with impurity concentrations betwEen 10
and 16°cm 3. Good agreement was obtained between the measured resistivities and resistivities
calculated by a generalized Drude approach at similar temperatures and doping concentrations. The
critical impurity concentration for the metal-nonmetal transition was found to be ab&ltri0®.
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INTRODUCTION EXPERIMENTAL DETAILS

GaAs-based semiconductors are well recognized as ag- The samples used in this work were semi-insulating
9 ﬁquid-encapsulated Czochralski-grown GaAs wafers of

tive matenals_m the deS|gn_of bandgap-engineered dewce(ﬁOO) orientation. After organic cleaning, the samples were
and as constituents of lattice-matched heterostructires. o, implanted with C . Implantation was performed at a low

The role of impurities in these materials is very important intemperature of 100 K in order to obtain high electrical acti-
the fabrication of different types of devices. For instanceyation yields of implanted carbdtiThe doses and energies to
acceptor carbon in GaAs is used for the high-concentratioireate a flat doping profile were determined usirgv code

doping of a transistor base in the epitaxy of heterobipolasimulation®® In order to minimize channeling effects, the

structures and for the formation of burigdtype layers in  samples were tilted 10° and rotated 25° with respect to the
field-effect transistor&® (110 direction. The as-implanted samples were submitted to

capless rapid thermal annealif@i proximity) at 900 °C for

ceptor carbon-doped GaA&GaAs:Q in the temperature 10 sinanAr gtmosphere and then smteredzaf)o_ C for 3
min. An ac bridge was used to measure the resistance of the

range from 1.7 to 300 K for impurity concentration varying devi . . .

. . . . evices in a He-4 cryostat, in which sample temperature was
fror;w the mgsulait;ng to the metallic ra.nge.; that is from abOUtcontrolled to within 0.5% between 1.7 and 300 K. The resis-
10'" to 10"°cm°. The energy of activation to the conduc- tivity was determined by the van der Pauw metfd8Dif-
tion band is obtained from the resistivity at low impurity ficulties were encountered with the measurements at low
concentration. The samples were prepared by ion implantaemperatures for the samples with low dopant concentrations
tion in Van der Pauw structures delineated in GaAs chips. because of extremely high contact resistance; data were not
The resistivities obtained experimentally were comparedbtained at the lowest temperatures for the three lowest con-
with resistivity values calculated from a generalized Drudecentrationgsee Fig. 1
approachGDA)® ! at similar temperatures and dopant con-
centrations. The critical impurity concentratiofi, for the  THEORY
metal—-nonmetalMNM) transition was estimated from these
results, and calculated using three different computation%a
methods-2

In this work, we have investigated the resistivity of ac-

One starts from a generalized Drude expression for dy-
mical conductivityo(w)®°

Ne? 1

o(w)= 1)
3E|ectronic mail: ferreira@fis.ufba.br

m* l/r(w)—iw’
Ypresent address: National Renewable Energy Laboratory, Golden, Colq,—vith a generalized complex-valued and frequency—dependent
rado 80401.

9Present address: Thomas J. Watson Research Center, IBM Yorktomﬁ?llaxation tim_eﬂ‘{’)- In the_GDA’ the SemiCIQSSical Condpc'
Heights, NY, NY 10598. tivity expression in Eq(1) is expanded for high frequencies
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101 ——— dependent, and=12.4 in GaAs. The imaginary part can be
GaAs:C .* N, (108 cmd) obtained analytically in the random phase approximation. It

_ S e 013 is given by
E . e 031
= 1091 —a019| o
£ L —e— 100 —-m*e
9 -‘- ‘,x —e—2.10 aZ(Q!Q) = —3X
SV . 81k:Q’B
S0 129
2 s cosHB[Q + (Q2+02/Q2—M)/2]}
‘@ L In I -2BQ|, (5
& [ cosHB[Q—(Q“+Q“/Q*—M)/2]}

102} S ] . o .

e S SRS — where we have introduced the dimensionless variakles

0 001 002 0.03 0.04 0.05 0.06 0.07 =0g/2kg, Q=hwl/4Eg, B=BEr and M= u/Eg. The quan-

tity ke is the Fermi wave vector, given b= (3N72)Y3

and E is the Fermi energy. The real part can be obtained

FIG. 1. Resistivity on a logarithmic scale versus inverse temperature foffom the imaginary part through the Kramers—Kronig disper-

GaAs:C with different acceptor impurity concentrations. sion relation. We are interested in the static resistivity, which
can be written as

1 / Temperature (K)

and is compared to the result from a strict many-body calcu- 4hk§ = [9as(Q,0)10Q]|0—0
lation. The dynamic relaxation time is then identified and put  p(0)= 3 f 2 ) —
back into Eq.(1). The net effect of the GDA is derived in the ™NEr Jo [et+a1(Q.0)]
more general case of a polar semiconductor; the procedure jfshis can be reduced to

described in more detail in Ref. 14. The resistivitys then

obtained as b and is found to be

dQ. (6

_ 2(m*e)” [={1-tanf0.5B(Q*~M)]}
o= B[ PO i lo T Gleranqon 92
Ne? 37Nw Jo 7
><[01(q,w)—OZ(CI,O)][GL(q,w)Jra(q,O)]d The chemical potentials is obtained from the implicit
(.0 [er(q,w)] ' expressioh
2 u 3
-  of oni 5 [ doja+inl(1-yAy7) ®
In the Egs.(1) and(2), N is the density of ionized acceptors. 01-y2 :

The acceptor impurity concentratioh, andN are equal to
each other on the metal side of the transition, but not on thgyhereU=(1+e*)"2 and A=BM= 3. For a givenA,

insulating side. In Eqs(1) and(2), e is the electric charge, one obtains, leading to a relation between them.

m* is the effective massq is the polarizability from the The calculated resistivity of GaAs:C as a function of
CarrierS,EL is the lattice dielectric fUnCtionfT is the total |mpur|ty concentration and tempera’[ure7 obtained using the
dielectric function,w is the frequency variable, arglis the  procedure just described, is compared to the measured resis-

momentum variabl. tivity in the next section.
The static resitivity in a polar semiconductor is the same

as for a nonpolar semiconductor, for which the expressions

are simpler. Since we are only interested in the static results

we used the expression for a nonpolar semiconductor as ESULTS AND DISCUSSION
starting point. According the GDA, the resistivity is reduced

tol0 Figures 1 and 2 show, respectively, the measured and
p(w)= NG + 3No the bottom of both figures display metallic behavior. These
(o) a0 dag. (3)  temperature region down to our lowest temperature of 1.7 K.

rities. The total dielectric function is given by curves in Fig. 1 at the high-temperature end. This upturn,
wheree is the dielectric constant of GaAs and anda, are  tering was not taken into account in the theoretical calcula-

calculatedp as a function of I¥ for different values olN,.
Cim*te 2i The samples wittN, higher than 1.6 10cm™3 shown at
figures show the slope of the resistivity curves decreasing
- 1 1 with increasing impurity concentration in the low-
Xf q°
0 The most apparent difference between the experimental
We have assumed a random distribution of Coulomb impuand theoretical results is the upturn of all the experimental
)= et ary(q )+ ) @ which is absent in Fig. 2, is due to scattering from phonons,
er(q,0)= et ay(q,0) Tiay(q,0), which becomes dominant abovel00 K. The phonon scat-
respectively, the real and imaginary parts of the polarizabiltions and consequently the high-temperature upturn is not
ities of the dopant carriers. These functions are temperatuneproduced in the theoretical curves of Fig. 2.
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FIG. 2. Calculated resistivity of GaAs:C with different acceptor impurity FIG. 4. On a double logarithmic scale, calculated resistivity of GaAs:C as a
concentration versus the inverse temperature. function of the acceptor impurity concentration at different temperatures.

To determine the value dfl., we may also use three

For samples with C acceptor concentration less thapjifferent computational methods as in Ref. 12; that is, the
1.0x10'%cm™3, the large enhancement in the resistivity asoriginal Mott model, an extended Mott—Hubbard model, and
the temperature decreases, due to the reduction of free eleg-method based on total energy of the metallic and the non-
trons in the conduction band, demonstrates the semicondugetallic phases. In the total energy model, the critical con-
tor properties of the GaAs:C samples in this rangeNgt  centrations for the MNM transition are obtained from the
The conduction-band activation enery is calculated from  total energy of the hole gas in the very nonparabolic valence-
the slope of thep versus (II) curves in Fig. 1. The value pand curvaturdincluding both heavy and light-hole bands
E,=26 meV, considered as the acceptor ionization energy ofy the Mott picture, however, the critical concentration is
C in GaAs, was found for the most diluted sample With  optained from the effective mass approximation, not consid-
=1.3x10"cm®, in agreement with the value obtained by ering scattering between the two uppermost valence bands.
photoluminescence measuremefits. Therefore, one expect some differences for espeqatiype

Figures 3 and 4 show, respectively, measured and calcynaterial since the valence-band maximum is both degenerate
lated results for the dependence of the resistivity of GaAs:Gnd very nonparabolic. However, all three methods give
on the acceptor impurity concentratidd, at different tem-  rather similar values for the critical concentration. Here, we

peratures. One notices that all curves merge together to O¥hly present the results. Using these three methods, we ob-
critical point at about 1.810'*cm™®, which is determined tained values forN, of 1.4x 101 1.14<10 and 4.6

to be the critical Concentratid]dc for the MNM transition in X 1017Cm_3’ respective|y_ It is worth noting that the value of
p-type GaAs:C._ For i_mpurity concentration above this pointN_ js about the same fqr-type GaAs:C andi-type GaN:Si
(i.e., the metallic regionthe temperature dependence of thefor poth wurtzite and zinc-blende structur@sin a simple
resistivity is negligible in comparison with the nonmetallic picture N~ (0.2545)3, where the Bohr radiuag is directly

region.

related to the ionization energy. Therefore, the similar ion-
ization energies of GaAs and GaN give rather simiar?

101} . ] SUMMARY
Temperature (K)
. GaAs:C —=—30K In summary, the resistivity of GaAs implanted with car-
g I bon acceptors for concentrations spanning the insulating to
E 100| —rgg}g N the metallic regimes were investigated experimentally and
5 s theoretically between room temperature and 1.7 K. Good
g sl - 100K agreement was obtained between the experimental results
2 & e 200K . . .
ol oo 300K and calculations using a generalized Drude approach. The
g 3 E value of the critical impurity concentratidd,, for the MNM
) transition was estimated from both methods discussed, as
S i well as through three different computational methods.
102} |
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