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Impurity band in lithium-diffused and annealed GaAs:
Conductivity and Hall effect measurements
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Originally n-type Si-doped GaAs turnstype after Li indiffusion and consequent annealing at 200—600°C.
Temperature-dependent conductivity and Hall effect measurements carried out in the temperature range 30—
300 K reveal conduction via impurity bands made up of shallow acceptors in addition to the valence-band
conduction. Li diffusion into GaAs reduces the free-carrier concentration which leads to electrical resistivity as
high as 16 O cm. Annealing highly resistive samples at temperatures above 200 °C significantly decreases the
room-temperature resistivity to 0.1-€1 cm, depending on the annealing temperature. For samples annealed
at 300-400°C we observe a metallic-type conduction which contributes to the conduction even at room
temperature. In samples annealed at 500-600 °C the temperature dependence of the resistivity indicates that
impurity conduction sets in at temperatures below 100 K. We discuss this conduction change in relation to
enhanced gallium vacancyg,) and gallium antisite(Ga,s) concentration in Li indiffused and annealed
samples.
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I. INTRODUCTION (donoh concentration and to increase with compensation.
The third termo3(®exp(— e;/kT) describes the hopping con-
Doping with lithium is known to reduce the concentration duction of holes as they tunnel from neutral to ionized ac-
of both holes and electrons in GaAs. Lithium has, similar toceptors in a partially compensated semiconductor. Although
hydrogen, a tendency to form complexes with other impurithe transition is considered to take place by tunneling, an
ties and native defects when migrating in crystélSugges- ~ activation energy still exists because of the need to overcome
tion has been made that lithium passivates shallow acceptotge Coulomb barrier associated with the compensating
in GaAs but compensates shallow dondishas been dem- impurities’ The second activation energy has been inter-
onstrated that annealing of Li-diffused GaAs at 400-500 °cpreted as the energy necessary to place a second hole onto a
in pure Ga or Ar atmosphere reduces the Li concentration byieutral acceptor and, thus, it increases with increased
about two orders of magnitudé. This outdiffusion of Li  compensatiod.This form of impurity conduction only mani-
producesp-type material, a phenomenon that was first re-festS itself with heavier dopin%]For a semiconductor dODEd
ported by Fuller and WolfstirA,but the mechanism respon- With shallow impurities theos(®exp(~€;/kT) conduction
sible for the conductivity change has not been identified. Thglominates the low-temperature behavior for modest doping
p-type conductivity indicates the formation of acceptors(@nd mandatory compensatjoiThe activation energys in-
which have earlier been related to gallium vacantféslost ~ creases rapidly as the compensation: 1 (or zerg whereas
likely Li exists in GaAs as a substitutional double acceptorthe  o,(?exp(—e€,/kT) increases continuously  with
Li saand as an interstitial donor Lhich is a fast diffuset. ~ compensatiod. Two major types of hopping mechanism
Due to self-compensation of Li in GaAs, one may obtain ahave been identified: nearest-neighbor hoppifigNH)
high concentration of defects, but yet a low free-carrier conand the variable-range hopping/RH). When the NNH
centration. If the impurities are close enough in space, theimechanism dominates, the conduction is proportional
wave functions may form a band due to overlap. In such ario exp(—e;/kT) and the hopping takes place between defects
impurity band the holegor electrony may travel from one Wwhich are close in space but not necessarily in energy. Below
defect center to another without entering the energy band@ certain critical temperature the hopping process changes
This impurity conduction may contribute significantly to the from NNH to VRH, where the carrier jumps between more
total conductivity, especially at low temperatures. In generalfemote defect centers which are close in energy. The VRH
the conductivity can be expressed by has been shown to follow Mott's law which modifies the
. term expt e;/kT) into oxexp(—To/T)Y4, where T, is a
_ ) constant that includess. Furthermore, Shklovskii and
‘7—21 o exf — € /kT], (1) Efro® showed that the power term 1/4 in Mott's law should
be replaced with 1/2 when electron-electron interaction is
whereo>0, or o3 and e;>€,>€;. Here (Ti(o) is the ex-  taken into accountin the limit of low T). At sufficiently
trapolated value ofo; for 1/T—0. The first term on the high impurity concentrationBl.;, the impurity band merges
right-hand side represents the conduction of free holes in thaith the energy band ane; and e, collapse to zero. This is
valence bandfor p-type material, and it dominates the be- referred to as metallic conductivity.
havior at higher temparatures; is the band activation en- In the early 1960s, electric conductivity due to impurity
ergy which is observed to decrease with increasing acceptdrands was suggested by Olito explain the unexpectedly
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TABLE |. Data for samples after Li indiffusion at 800 °C and annealing.

Sample Diffusion Annealing p[Qcm]  Carrierfem 3] uy [cnPVs] K
Ref. (As-grown) 0.061 n=2.5x10' 4090

800a Li 800°C/4 h 20°C ~10 n/p~10° Unknown

800b Li 800°C/4h  200°C/7 h 8107 p~7x 10" 17

800c Li 800°C/4h  300°C/7 h 0.22 p=4.6x 10" 62

800d Li 800°C/4h  400°C/7 h 0.26 p=3.5x 10" 68

800e Li 800°C/4h  430°C/7h 0.035  p=1.6x10'® 114

800f Li 800°C/4h  500°C/7 h 0.15 p=3.1x 10" 133 0.6
800g Li 800°C/4h  600°C/7 h 0.45 p=0.7x 10" 205 0.6

high conduction oh-type GaAs found at low temperature in samples were polished and etched before Ohmic contacts
Hall-effect measurements< 30 K). A few years later similar were made. Zinc-coated gold wire was used for Ohmic con-
results were reported by Emelyanenko and co-workeBy.  tacts. The ohmic contacts were welded directly onto the four
treating the impurity conduction in a similar way as bandcorners of the square samplégpical size 3X 3 mm?) to
conduction, they were able to calculate the contribution tcavoid heating the samples. Temperature-dependent Hall and
the hole concentration from the impurity and valence bandsconductivity measurements were made on the samples. The

More recently, Arushanogt al. applied this two-band model
to p-type B-FeSp (Refs. 12 and 18 and p-type CoSh
(Ref. 14.

Hall coefficientR,, was estimated from the slope of the curve
showing Hall voltage versus magnetic field in the range
0-0.75 T. The apparent Hall concentrations were calculated

Here, we report on the temperature dependence of thiekom the Hall coefficientRy as n=-ry/eR; and p

conductivity in originally n-type Li-diffused GaAs which
was converted tp-type by annealing. Our aim is to confirm

=ry/eRy, respectively, assuming the Hall scattering factor
to be isotropic, temperature independent, and of unity value

the presence of impurity conduction in our samples and t§r,=1). The sample resistange was measured applying
analyze the conduction mechanism. By applying the modelhe van der Pauw method.

of Emelyanenkeet al. to our data, we are able to distinguish

the hole concentration in the valence band from that in the

impurity band.
Il. SAMPLE PREPARATION AND EXPERIMENT

Horizontal Bridgman-growm-type Si-doped GaAs with
room-temperature electron density=2.5x 10 cm~2 and
Hall mobility wy=4000[cn?/(Vs)] was diffused with
lithium. The Li indiffusion was made in open quartz am-

I1l. EXPERIMENTAL RESULTS

Then-type starting material turns semi-insulating after the
Li indiffusion and laterp-type as a result of the annealing.
Some transport properties measured at room temperature are
summarized in Tables | and Il. Figure¢al and 1b) show
the apparent Hall concentration of holgg,, vs 10001 for
samples Li indiffused at 800 and 700 °C, respectively, and
subsequently annealed at various temperatures. A minimum

poules under Ar flow with the samples immersed in Ga melin the hole concentration curve is seen at roughly 170 K for
prepared from 6N Ga metal, GaAs, and about 0.3 wt% okamples annealed at 300, 400, and 430 °C in Ra@).dut the
99.9% Li metal. After the diffusion the samples were cooledminima shift towards loweT with increasing annealing tem-

to room temperature in the melt.

perature. In Fig. ) the minima of the curves appear at

Two series of samples were made; the first one by indifroughly T= 40 K for all annealing temperatures. Such a
fusing Li at 800°C fo 4 h and subsequently annealing at well-pronounced minimum in the conduction curve is a char-
various temperatures for 7 h. The second one was made lacteristic sign of the presence of conduction in a band
indiffusing Li at 700°C for 10 h and annealing at various formed by shallow impurity levels: The slope of the curve
temperatures for 4 h. Hereafter we will refer to these twofor the lowest annealing temperatures in Fitp) has started
series as the 800 and 700 series, respectively. Finally, th® decrease already at room temperature, clearly indicating

TABLE Il. Data for samples after Li indiffusion at 700 °C and annealing.

Sample Diffusion Annealing p[Qcm]  Carrier[em 3] uy [cmPVs] K
Ref. (As-grown 0.061 n=2.5x 10 4090

700a Li 700°C/10 h 20°C ~10° p~1x10% ~0

700b Li 700°C/10 h ~ 200°C/4 h 3.6 p=1.0x 10 173 0.5
700c Li 700°C/10 h  250°C/4 h 0.79 p=4.6x10' 171 0.5
700d Li 700°C/10 h 400°C/4 h 0.064 p=5.3X 10Y7 184 0.5
700e Li 700°C/10 h 500°C/4 h 0.17 p=1.96X 10Y 184 0.7
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FIG. 1. Temperature dependence of theo apparent Halloconcen- FIG. 2. Temperature dependence of the apparent Hall mobility
tration py, for GaAs Li indiffused at(a) 800 °C and(b) 700°C, u for GaAs Li indiffused at(a 800 °C and(b) 700°C, and an-
and annealed at various temperatures. nealed at various temperatures.

impurity conduction even at room temperature. Figures 2 - o ] )
and 2b) show the apparent Hall mobilitysy; vs T for the specific resistivity for the two sample series: Fig(e3,

samples Li indiffused at 800 and 700 °C, respectively, and-l indiffused at 800°C, and Fig.(8), Li indiffused at 700
annealed at various temperatures. A noticeable difference i$C after annealing at various temperatures. In Fig) 3
observed. While the mobility is apparently unaffected by thesamples annealed at 300 and 430 °C show a slight increase in
annea"ng temperature in F|g(tg the opposite is true for the resistivity wherT decreases down te 100 K, where the
Fig. 2(@). Increasing the annealing temperature of the 8ourve becomes flat and independent of temperature. This pla-
series gradually increases the room-temperature mobilitjeau, representing zero thermal activation energy, is a clear
(see also Table)l We also notice that the highest annealingindication of metallic-type conductiof?. The sample an-
temperature of the 800 serifSig. 2(a)] results in a mobility nealed at 400 °C shows a very similar behavior but the line
curve almost identical to the ones of the 700 sefieis. at low T is not completely horizontal, which reveals a small
2(b)] over the entire temperature range used. It can therefor@ut nonzero activation energy. The resistivity of this sample
be concluded that Li indiffusion at 800°C creates defectnly changes from 0.2 to 0G cm between 300 and 30 K. In
which are not present after Li indiffusion at 700°C. Thesethe same temperature regime we observe changes of over
defects seem to be Li related since they gradually disappediiree orders of magnitude after annealing at 600°C and a
during Li outdiffusion as the annealing temperature getdlateau is never reached. Samples annealed at 500 and
higher. We further conclude that the outdiffusion is incom-600°C exhibit curves with two distinct activation energies.
plete at annealing temperatures below 600 °C for the 800 he lowest resistivity is obtained after annealing at an inter-
series. A fitu=T~%, above 100 K, to the 600 °C annealing mediate temperature of 430 °C.
of the 800 series gives ~ — 1.2, which is comparable to the The apparent Hall-carrier concentration does not reveal
—3/2 ratio of pure semiconductors. At low temperaturesthe true concentration in the presence of impurity-band con-
where aT32 behavior is expected, we observe exponentiaduction. Simple analysié enables a separation of the hole
behavior instead. For the 800 series exponential behavior goncentration in the impurity band from that in the valence
seen belowT= 70 K after annealing at 600 and 500 °C but band. The sum of hole concentrations in the main and impu-
below 160 K after annealing 300—400 °C. For the 700 serie&lty bands is assumed to be constant. Following Ref. 12, the
exponential behavior was seen beld@w= 50 K for all an-  ratio of the maxima of the Hall coefficienRy, ., and the
nealing temperatures. lowest value of the Hall coefficient at low temperature
Figure 3 shows the reciprocal temperature dependence ¢freezing regioh, RHf, is given by

205213-3



SVAVARSSON, GUDMUNDSSON, AND GISLASON PHYSICAL REVIEW B7, 205213 (2003

10° 10"
, | © 6wc @ = Valence band
10° | *x 500°C 0® | 1
v 430°C 0°° g
10 } + 400°C = 10"
E * 300°C £
S 101 XX X X X X xx % g
-2 20WX 5
& 100 +4 4+ + + + H+ H# E 1016_
T NN Y ] 8
107" v 2 v
m \AAAAAA A 1 fas] i
Impurity band
107 ' 10" '
0 10 20 30 40 0 5 10 15 20
1000/T [1/K] 1000/T [1/K]
10° FIG. 4. Hole concentration in the valence and impurity bands
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2 x
10 :’ measured after annealing at different temperatures, is shown
= 10 in Fig. 5. After Li indiffusion at 700°C, but prior to anneal-
c}é ing, the room-temperature resistivity is on the orderpof
S 10 ~10° Q cm but after the 800 °C indiffusion it is around two
orders of magnitude highep~ 10" Q cm. For different an-
10 nealing temperatures in the range 200—600 °C the resistivity
takes values betwegn=5x 107 and 4<10 2 Q) cm with a
107 . minimum p i, for annealing temperatures around 400 °C for
0 10 20 30 40 both sample series. The valuemf;, is similar or even lower
1000/T [1/K] than the resistivity of the starting material, in spite of the

to p-type conversion. The much lower mobility of holes than
FIG. 3. Temperature dependence of the specific resistivfyr  electrons is compensated for by around a tenfold increment
GaAs Li indiffused at(a) 800 °C and(b) 700°C, and annealed at of the carrier concentration. In Fig. 6 the apparent room tem-
various temperatures. perature Hall hole concentratiqey, is shown versus the an-
nealing temperature. A maximum in the apparent concentra-

Ripe  (b+1)2 tion is seen for both series at similar temperature, roughly
R.  4b ' (20 around 400°C, which is a similar temperature that mini-
i mizespmin iN Fig. 5.
Ru_ (x+bH(x+1) 3 IV. DISCUSSION
Ry, (x+b)?

The Li concentration in GaAs after Li diffusion at 800 °C

_ _ Pt d by secondary ion mass spectrosd@wS) is
whereb= u,/u; andx=p;/p,. The subscripts i and v de- measure 9 3 6 . 2
note impurity and valence bands, respectively. Since the ten{pngth 16° cm* and has fallen to-10"° cm * after an-

perature dependence bfs considerable weaker than that of nealing at 400°C for 20 A.The solid solubility of Li in
X, b is considered to be a constant. Graphical representation
of the dissolved impurity- and valence-band hole concentra-
tions is given in Fig. 4. The activation energy of the
acceptor was calculated from the slope oplR(®?) vs T1

from the linear curve in Fig. 4. It yields; = 17 meV for the 10" 10
sample indiffused at 800 °C and annealed at 500s&nple
800f). Samples c, d, and e of the 800 series show metallic
behavior and were therefore excluded. In other samples the 10° ©
temperature was never low enough to obtain a distinct mini- * By ©
mum in theRy vs 10001 curve for Eqgs.(2) and (3) to be
reliable. The transport properties measured at room tempera-
ture are given in Tables | and Il for the samples indiffused at 10 0 260
800 and 700°C respectively. From the valuestId (the

value ofRy as 1T— 0), it is straightforward to calculate the

compensation rati& =Ny/N,, whereNy andN, are the total FIG. 5. Specific resistivity at room temperatyréor Li-diffused

concentrations of donors and acceptors, respectively. Th@aAs vs annealing temperatures for two sample series: Li indif-
room-temperature resistivity of the two sample series, fused at 700°C and at 800 °C.

10"

O Li-700°C
X Li-800°C

p [Qem]

400 600
Ta [°C]
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- attributed this level to a Li-Li?~ acceptor. However, ac-
g 107} O Li-700C 1 cording to SIMS analysis the remaining Li concentration af-
E 10| N X Li-800 C ter annealing is too low for this complex to be responsible
Bs x R x for the impurity band. The exponential dependence of the
£ 10"} o o x Hall mobility on T at low temperatures for the annealed
g x samples of the 700 seri¢Big. 2(b)] clearly indicates a high
8 10"o concentration of charged impurities. A similar behavior is
< ” also seen for the highest annealing temperature of the 800
:g 10 series[Fig. 2(@)]. In fact, all annealed samples of the 700
g 10"1x series have similar mobilites as the one of the highest anneal-
& . ) ing temperature of the 800 series. We assign this to the origi-
< 0 200 400 600 nally lower Li indiffused concentration of the 700 series and
Ty [°C] its longer annealing timé7 h vs 4 1. Hence, the remaining

Li concentration after annealing is much higher for the 800
FIG. 6. Apparent Hall hole concentration at room temperatureseries than for the 700 series, especially at low annealing
for Li-diffused GaAs vs annealing temperatures for two sampletemperatures. Charged defects, passivated by Li after indif-
series: Li indiffused at 700 °C and at 800 °C. fusion, are thus reactivated at lower annealing temperatures
for the 700 series than for the 800 series. Morstal. in-

vestigated GaAs grown at low temperatures with molecular

1 9 -3 o
et a2 750 Haoe, we condluds et e ol L Gon. Dea epiix? They assumed a power-type dependence of
centration in our samples after indiffusion follows the solu-~H ON T Of the form T " at elevated temperatures. At

o >amp - lower temperatures they assumed an exponential dependence

bility level. A fraction of the Li atoms compensates the do-of the form u. exp-e/kT) caused by hopping conduction

i i 6 A3
nors in Lt.he as-growtn materle(I2:5><t101 C? )d bet tthe hi f the nearest-neighbor type. Hekeis the Boltzmann con-
excess Ll compensales or passivates native detects, Wiyt 5nqe the thermal activation energy of the hopping Hall
leaves the material semi-insulating. Annealing at temperaﬁwobility. For our data the activation energyis in the range
tures above 200 °C releases the lithium from the defect coms: 4 554 mev The resistivity curves in Figit show non-

plexes, leaving G@S a.n.dVGa' Positron annihilation experi- linear behavior, and the temperature dependence oould
ments reveal significantly enhance¥g, and Gas ot pe described by either the 2 or the T~ ** behavior.

Eomt:?mr?tlor;glérkflt" 'T'.ﬁlé‘.e’f?d _sam?lgcs)b Pgr;ucgla;]rly therThus the identification of the mechanism involved is non-
eat reatmertt- er Liindiftusion & e an trivial. Based on this, we might suggest the thermal activa-

subsequent outdiffusion at 400 °C for 7 h the concentrationf1 ; ; : :
o 7 3 on of the impurity conduction to be of the type instead of
of the defects werdGay] = 3.2x107 cm* and [Ve] the e; type for hopping or even a mixture of those two

— 7 ~m—3 16 ieat inniz At ;
=7.6x10" Otffn =" The first ionization level of the gallium mechanisms. This can, however, not be true for samples

antisite (Gays ) is afo“_”,‘j 78 meV above the valence bandgnn._gooe which have flat Hall-concentration curves vs re-
and the second on&a,, ) is around 204 meV above the ciprocal T and nonactivated conduction.

valence band’ For the gallium vacancy, the first ionization Two types of metal-insulator transitiofMIT) are com-
level (Vg,) is ~130 meV and the second on&d,” ")  monly recognized: the Mott and Anderson transitions. For
~ 490 meV above the valence baHdhll of these activation  jow compensation the transition is known to be of Mott type
energies are high enough to be ruled out as being responsibigd the critical concentration is given B~ (0.258,)°

for the thermally activated conductivity that we observe. An-for shallow impurities where, is the Bohr radius of the
nealing at elevated temperatures under Ga-rich conditions igpurity in question. Using,=12.85 andm* =0.48m, (the
expected to decrease th, concentration and increase the effective mass of hol@sin the Bohr radius, we obtaiN

Vas concentration. Due to the vacant As sites, we can expect 5x 10'® cm™2. When the compensation is strong the MIT
Ga atoms to jump into the vacancies according togf3a occurs at much higher concentration and is referred to as an
+Vas—Veat Gans. The Ga vacancies created will théat  Anderson transitiol.We conclude that the critical limNl
least partially be filled by diffusing Ga atoms from intersti- has been reached after indiffusion at 800°C but not after
tial positions, driving the reaction to the right. The presencendiffusion at 700 °C. Samples Li indiffused at 800 °C and
of the ionized interstitial L donors interacting with the annealed at low temperatures had zero activation energy, as
negatively charged/g, and Gas acceptors is believed to clearly visible in Fig. 8a). This strongly indicates a metallic
stabilize the defect. It has been suggested that during thgpe of conductivity. After annealing, the effective impurity
Li indiffusion the gallium defects are passivated by;Li concentration is lowered and metallic type of conduction is
forming neutral defect complexes such as,Ghi © and  not seen above 430°C. A distinct minimum in the specific
VegLi 7. In the outdiffusion these pairs break up, releasingresistivity accompanied with a maximum in the apparent
Vg, and Ga, either isolated or as complex defetShe  hole concentration was observed after annealing at roughly
shallow acceptor energy we obtain as 17 meV is lower thad00 °C for both sample series. This may be explained by the
the value of~23 meV reported by Fuller and Wolfstiiffor ~ removal of a Li donor from a neutral defect complex, which
GaAs diffused by Li at high temperature and subsequentlgompetes with the formation of a native donor at elevated
annealegbut may nevertheless reveal the same defect. Thetemperature. Li readily outdiffuses already at room tempera-
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ture but the creation of native defects requires higher temafter annealing at temperature of 400°C and even ex-
perature. Since the indiffusion and annealing take place urceeds that of the starting material. The results of Hall and
der Ga-rich conditions, it would be logical to attribute the conductivity measurements indicate the existence of an im-
defect toV . purity band in lithium indiffused and annealed GaAs. This
Chen and Spitzéf reported Si site switching in originally - impurity band contributes significantly to the electrical con-
n-type Si-doped GaAs which had been Li indiffused and subduction even at room temperature and becomes the dominant
sequently annealed. They concluded that the presence of kiansport mechanism at lower temperatures. The concentra-
could cause the transfer of Si from a Ga lattice site to an Asions of Vg, and Ga are significantly enhanced in these
lattice site. The silicon on As site is a shallow acceptor withsamples. However, these defects have levels that are too deep
a typical activation energy of roughly 30 meV or lower in the to be responsible for the conduction enhancement. Based on
case of high acceptor concentration. The free-carrier concefhe temperature dependence of the impurity conduction we
tration in our as-grown material is 2&10'° cm™%. This  suggest it to be of metallic type at the lowest annealing tem-
concentration is far too low to account for the impurity band peraturegbelow 430 °C) for the 800 series but of an inter-
unless we assume high compensation in the as-grown matgediate hopping nature after annealing at higher tempera-

rial and consequently much higher total concentration of Situres(above 430°C). The 700 series seem to belong to the
Si site switching could nevertheless contribute to the carriefatter for all annealing temperatures.
concentration observed after Li indiffusion and annealing.

V. CONCLUSION ACKNOWLEDGMENTS

After Li indiffusion and subsequent annealingstype This work was partially supported by Icelandic Council of
GaAs turnsp type. The conductivity reaches a maximum Science and the University of Iceland Research Fund.

IH. P. Gislason, Phys. ScF69, 40 (1997. Talalakin, Sov. Phys. Solid Staie 1063(1965.
2H. P. Gislason, B. H. Yang, I. S. Hauksson, J. T. Gudmundssont?E. Arushanov, C. Kloc, and E. Bucher, Phys. Revb® 2653

M. Linnarsson, and E. JanzeMater. Sci. ForunB83-87, 985 (1994).

(1992. 13E. Arushanov, J. H. Scimp W. Kaefer, and H. Lange, Thin Solid
3B. H. Yang, H. P. Gislason, and M. Linnarsson, Phys. Re¥8B Films 381, 282(1999.

12 345(1993. 14E. Arushanov, K. Fess, W. Kaefer, C. Kloc, and E. Bucher, Phys.
4C. S. Fuller and H. W. Allison, J. Appl. Phy85, 1227 (1964. Rev. B56, 1911(1997).

5 .
GC' S. Fuller and K. B. Wolfstirn, J. Appl. Phy83, 2507(1962. 155 g pjakemore,Solid State Physic§Cambridge University
H. P. Gislason, K. Leosson, H. Svavarsson, K. Saarinen, and A. Press, Cambridge, England, 1986p. 344—346.

Mari, Mater. Sci. Forun258-263 1813(1997).

"E. A. Davis and W. D. Comption, Phys. ReM0, A2183(1965.

8D. A. Woodbury and J. S. Blakemore, Phys. Rev.8B3803
(1973.

9B. I. Shklovskii and A. L. EfrosElectronic Properties of Doped
SemiconductorgSpringer-Verlag, Berlin, 1984

10p, J. Oliver, Phys. Revi27, 1045(1962.

0. V. Emelyanenko, T. S. Lagunova, D. N. Nasledov, and G. N.

165, Arpiainen, K. Saarinen, J. T. Gudmundsson, and H. P. Gisla-
son, Physica B73-274 701(1999.

1D, T. J. Hurle, J. Appl. Phys85, 6597(1999.

18M. Morvic, J. Betko, J. Novi, P. Kordds and A. Faster, Phys.
Status Solidi B205, 125(1998.

R, T. Chen and W. G. Spitzer, J. Electrochem. St27, 1607
(1980.

205213-6



