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Lithium-diffused and annealed GaAs: An admittance spectroscopy study
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We study lithium-diffused and annealed GaAs by admittance spectroscopy in the frequency range
10-16¢ Hz and the temperature range 30—300 K. Li diffusion turns the GaAs semi-insulating but subsequent
out-diffusion of Li increases the conductivity and makes the samplége. It is demonstrated that the
conduction in semi-insulating Li-diffused GaAs is due to thermally activated carriers in the valence-band
percolating around insulating metallic precipitates. At high frequencies the ac conductivity is proportional to
¥, with x being close to unity value, independent of temperature. We suggest that the percolation may be due
to metallic precipitates formed during in-diffusion of lithium and following cooling. After subsequent anneal-
ing the ac conductivity becomes proportionaldé at high frequencies with the value sfdecreasing with
increasing temperature. The temperature dependensguggests a correlated barrier hopping mechanism in
a band of defects. We attribute these defects to gallium vaca¥gigand gallium antisites Gg.
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[. INTRODUCTION (conductancebut at high frequencies the admittance reduces
to a purely imaginary partsusceptandg® If the ac and the
Although the effect of Li on the electrical properties of dc conduction is due tecompletely different processes then
GaAs has been investigated intensively through the last fouthe measured total conductivity at particular angular fre-
decades many questions still remain to be answered regarguencyo and temperaturer,(w), can be decomposed into
ing the conduction mechanist® It is known that Li diffu-  two components}
sion into GaAs reduces the free-carrier concentration which
leads to electrical conductivity as low as 70Q ~*cm ™ in Ot @) = T gct Tad ), 1)
undopedn-type andp-type starting materiafsLithium has a  ypere o4 and o, w) are the dc and frequency-dependent
strong tendency to form complexes with other impurities and(ac) conductivities, respectively. Band conductioralence

native defects when migrating in crystalannealing of Li- o conduction bandis characterized by a relaxation time

diffused GaAs at 400-500°C in pure Ga or Ar atmosphergyhich describes collisions with phonons and affects the band
reduces the Li concentration by about two orders of

admittanceo, as'®
magnitude"® However, the most weakly bonded Li is re- b

moved by annealing at temperature as low-a0°C’ The 1+iwr
out-diffusion of Li atoms producep-type material, a phe- op(w)=0p(0) — ] 2
nomenon first reported by Fuller and Wolfstfrrhut the t T

mechgnism .responsible fOF the conductivity c.:ha'ngt_a' has n%ere op(0) is the admittance at zero frequency which re-
been identified. The resulting-type conductivity indicates S mk;les the dc conductivity. The ac conductivity due to hop-

the for_mat|on of a_cc%ptors which have earlier been assigne ing is known to have the fort
to gallium vacancie$® Temperature dependence of the con-
ductivity suggests that under certain conditions the electron Ood ©)=Aw® ®)
. . . . . au )

transport occurs via hopping in a partially filled defect
band®° Annealing in the range 300—400 °C leads to hoppingwhere A is a constant and is a parameter with value be-
conduction which is observed up to room temperaturetfween O and 1. In the very high-frequency limit, electrons
whereas annealing in the temperature range 400-450 °op back and forth between pairs of sites for which the pair
leads to quasimetallic conductidnAfter annealing above transition rates are approximately equal to the frequéhcy.
600 °C the conductivity is controlled by thermally activated Hence, this applies to situations similar to hopping of carri-
valence-band conductich. ers between neutral and ionized defect centers in a band of

Admittance spectroscopy is commonly used to probe thelefects. Transport of free carriefslectrons in a conduction
periodic electrical current response of devices and electrohand or holes in a valence barlimited by small insulating
states in semiconductors when they are stimulated by a smatgions finely distributed in the crystal can also be described
alternating voltage. As such it is a direct way to characterizéby the percolation theory but in a more macroscopical way.
different types of conduction mechanism such as band corln such a case the semiconductor can be considered to be a
duction, hopping between localized centers, and percolatiortomposite of insulating regions around which the carriers
The measurement is essentially that of electrical impedancean move. Metallic precipitates in a semiconductor may be-
and presents variations of a real and an imaginary compdiave as buried Schottky barriers with overlapping spherical
nent, each of which forms a frequency spectrum. At lowdepletion region$® When the depletion regions overlap only
frequencies the admittance consists of a purely real papartially the conductivity will be affected by percolation be-
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TABLE |. Data for samples after Li in-diffusion at 800 °C and (a)
annealing. 10°°
Sample Diffusion Annealing p (2 cm) E, (meV) 10 oo9]
1 GaAs:Si  Li800°C/4 h 20°C 2410° 290 .a""
2 GaAs:Si Li800°C/4h 300°C/10h 2&10 48 510_7 o
3GaAsizn Li800°C/8h 70°C/2h  101P 230 — NOSORRAASTINET A
4 GaAs:Zn Li800°C/8h 230°C/10h 1.1 135) 2 00l Teaa,osle [ v 205K

. e - 233K

. - - . 107 ¢ oyt « 194K
havior and will likely lead to hoppinglike conductivity at low . el + 154K
temperature$® Thus, admittance spectroscopy is especially ol $ ‘ ° 34K
suitable for materials in which the conductivity can be de- 10 10! 10°
scribed by carriers percolating through conducting paths in Frequency [Hz]
an insulating matrix% (b)

Admittance spectroscopy has, in the past, been applied to

study percolation due to As precipitates in semi-insulating »
GaAs (Ref. 14 and in GaAs grown at low temperature by 107 wovoresomers wovsoness
molecular-beam epitax¢MBE).!° Furthermore, percolation, ) o e
attributed to metallic precipitates, has been observed in melt- — ., 5] ° ° o o o oo o3
grown GaAs after Li diffusion at 800 °&> Here, we report %10 L
on the temperature dependence of the ac conductivity in >~ . [+ 300K
originally n-type and p-type GaAs samples which were w0l - .oso - 135K
lithium diffused at 800 °C and annealed at temperatures be- : 22';
low 300°C. We demonstrate that electron transport occurs + 49K
either via hopping between localized centers or charges per- 107 , ‘ = 38K
colating around macroscopic insulating regions. We show 10 10* 10°
that both systems respond to an alternating current in a simi- Frequency [Hz]|

lar way as will be shown in our result. )
FIG. 1. The absolute value of the admittan¥¢ vs frequency at

various temperatures for GaAs:Sg) Li diffused at 800°C/4 h
(sample 1 and (b) after subsequent annealing at 300°C/10 h

Horizontal Bridgman grown Si-doped GaAs and Zzn- (sample 2
doped GaAs samples were diffused with Li. The Si doped
starting material had room-temperature carrier concentratiofif the frequency. Temperature-dependent Hall and conduc-
n=2.5x10% cm 2 and Hall mobility x,;=4000 cnt/Vs tivity measurements were made on the most highly conduc-
while the corresponding values for the Zn-doped GaAs werdive sample(sample 4. The Hall coefficientR, was esti-
p=2x10%cm~° and u;=300 cnf/Vs. The Li diffusion = mated from the slope of the Hall voltage versus magnetic
was made at 800 °C for 4 dr8 h inopen quartz ampoules field in the range 0—0.5 T. The apparent Hall concentrations
under Ar flow with the samples and a piece of Li 99.9% were calculated from the Hall coefficieRy; asp=r,/eRy
metal immersed in a 6N Ga melt. The amount of Li wasassuming the Hall scattering factor to be isotropic, tempera-
adjusted to be about 0.3 wt % of the melt. After Li diffusion ture independent, and of unity valug&1).
the samples were cooled to room temperature in the melt.
Pieces of the as-diffused sam_ples were baked .at 3OQ °C and IIl. EXPERIMENTAL RESULTS
230°C for 10 h. The samples investigated are listed in Table
I. Finally, the samples were polished and etched before The room-temperature transport properties of the four
ohmic contacts were made. To avoid heating the wholesamples investigated are summarized in Table I. Sample 2 is
sample, ohmic contacts were made by direct welding of Zna piece taken of sample 1 and annealed and sample 4 is
coated gold wires onto the four corners of the square samplesmilarly a piece taken of sample 3 and annealed. Botithe
(typical size 3x 3 mn). type and thep type starting materials turn semi-insulating

Direct current conductivity measurements were made beafter the Li diffusion. A subsequent annealing of the samples
tween any two contacts on the sample by applying van deleaves thenp type in both cases, as manifested by Hall mea-
Pauw’s method. Admittance spectroscopy measuremengirements. The as-diffused samples have specific resistivity
were performed using a HP4284A impedance analyzer. Thegc of the order of 10 0 cm at room temperature but this
frequency dependence of the ac conductivity was measuredlue is significantly reduced by the annealing. Annealing
at several different temperatures in the range 30—300 K. Fdhe Zn-doped sample at 230 °C for 10 h decreases the resis-
convenience the impedance analyzer was connected betwetvity to 1.1 () cm whereas annealing the Si-doped samples
two of the ohmic contacts in opposite corners and the absat 300°C for 10 h reduces the resistivity to 280cm. In
lute value of the admittander| was measured as a function Fig. 1(a) the frequency dependence of the absolute value of

Il. SAMPLE PREPARATION AND EXPERIMENT
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107 :
2 10° 10° FIG. 3. Temperature dependence of the absolute value of the
admittance|Y| for GaAs:Si, Li in-diffused at or various
Frequency ([HZ] dmi Y| for GaAs:Si, Li in-diffused at 800 °C for vari
(b) frequencies and annealed at 300 °C for 1Gample 2.
107" — -
v 297K for the as-diffused samples 1 and 3 and 48 and 14 meV for
x 36K the annealed samples 2 and 4, respectively. From Hall mea-
surements the slope of il *?) vs T~! gives a value of 35
meV for sample 4, which was the only sample with high
2 | WVVVVIVVVVVIVWRW enough conductivity for temperature-dependent Hall mea-
=10 1 surements.
WEXAXRXX XXX XXX X XK IOOOMMNNOX
IV. DISCUSSION
10 The solid solubility of Li in GaAs is roughly 8 cm™ 2 at
10? 10* 10° 800 °CZ After Li diffusion at 800 °C the total Li concentra-
Frequency [Hz] tion, measured by secondary-ion mass spectrostss),

is roughly 16° cm™2 but decreases to 10'° cm™ 2 after an-

FIG. 2. The absolute value of the admittaf¥¢ vs frequency at  nealing at 400 °C for 20 R Since the samples investigated in
various temperatures for GaAs:Zfg) Li diffused at 800°C/4 h  this study are Li diffused at 800 °C for a prolonged period of
(sample 3 and (b) after subsequent annealing at 300 °C/10 htime the solubility level is expected to indicate the concen-
(sample 4. tration of Li atoms or ions in the as-diffused samples. A

fraction of the Li atoms is expected to compensate the origi-
the admittancéY| is shown for sample 1 while similar graph nal dopant of the as-grown material-@x 10" cm™?) but
for sample 2 is shown in Fig.(h) to illustrate the effect of the excess Li neutralizes native defects or autocompensates,
annealing on the type starting material. Both figures do in Which leaves the material semi-insulating. It has been sug-
general emphasize two regimes; an essentially flat respong&sted that lithium passivates shallow acceptors in GaAs but
at lower frequencies and a crossover to a nearly linear incompensates shallow dondrsSIMS measurements have
crease with increasing frequendgispersion regime A shown that after Li in-diffusion at 800 °C f@ h and subse-
striking difference between the two samples is manifested ifjuent out-diffusion at 400°C fo7 h the concentrations of
the admittance minima of the as-diffused sample 1, whicithe [Gaxs] and[Vg,] defects are 3.210' cm™2 and 7.6
disappears upon annealing. The frequency at which the< 10" cm™2, respectivelyl® The presence of ionized inter-
minima occursw,,, increases with increasing temperature.stitial Li* donors is believed to stabilize the gallium antisite
A corresponding graph for thetype starting material before and the gallium vacancy by forming neutral complexes such
and after annealing, sample 3 and sample 4, is shown in Figas Gag-Li " andVgLi .8 During the out-diffusion of Li, or
2(a) and 2Zb), respectively. There we observe features similarannealing, these pairs break up, leavingGmdV,, either
to those exhibited for samples 1 and 2 except that the dispeisolated or as complex defeds.
sion regime of the annealed sample 4 is not reached at the By looking at Figs. 1-3, we see that the dc conductivity is
highest frequency investigated. a much stronger function of temperatuexponentigl than

Figure 3 shows the temperature dependence of the abstiie ac conductivitya power law which emphasizes that a
lute value of the admittance for sample 2. At low temperaturaifferent mechanism is at work in these two regimes. It can
the conductivity is almost constant but at sufficiently highalso be seen from Figs. 1 and 2 that the dispersion sets in at
temperature the conductivity approaches the dc conductivitfrequency proportional to the dc conductivity.

It is also clearly seen that the lower the frequency the more In p-type material, whose conductivity is governed by

the admittance resembles the dc conductivity. A straight-lineconduction in a defect band, a consequence of the variation
fit to the high-temperature regimghe dc conductivity of  in the acceptor-acceptor separation is that some paths, for a
Arrhenius plots gives activation energies 290 and 230 me\hole traveling between two contacts, are open while others
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FIG. 4. Temperature dependence of the frequency exponent  FIG. 5. Temperature dependence of the frequency exparient

for the Li in-diffused samples 1 and 3. Li-diffused and annealed samplgample 2. The dotted line is a fit
plotted from Eq.(7) with W,,=230 meV andw7=10"". The solid

are closed. The general motion of a carrier in the defectine is a fit to the modified equatiof8).
band, in the presence of an electric field, is then in the nature
of a percolation process. As a result of the percolation curminimum is seen in our Figs(d) and 2a). We suggest that
rent flow, only a part of the total volume contributes to thethe percolation may be due to Gali precipitation during in-
(low-temperaturedc conduction. Therefore the contributing diffusion of Li and subsequent cooling to room temperature.
volume of the samples, and hence the conductivity, can bEreliminary transmission electron microscope study on GaAs
increased dramatically with alternating curréh@\s the tem-  after Li diffusion at 800 °C revealed a lattice dimension of
perature increases and the defects are ionized, conventiorelusters which matched that of a GaLi crystal while the ex-
band conduction gradually takes over and becomes the domistence of As and Li precipitates were ruled 6Ua precipi-
nating conduction mechanism usually well below the roomtation of GaLi would be in the form of small clusters finely
temperature. The band conduction is considered to be mowdistributed in the matrix which would act as Schottky barri-
or less independent of frequency, in contrast to conductiors and induce space-charge regions around them. Such bur-
mechanism such as percolation. In a macroscopic percolatiogd Schottky barriers with overlapping spherical depletion
system the conductivity is only a function of the dimensionregions have been observed in semi-insulating low-
of the system and thus can be expressed in terms of a scalitgmperature MBE grown GaAs.Based on the idea of Sary-
law oo w* with a universal exponent'®A closer look at the  chev and Brouer¥] of hopping-assisted tunneling, Khirouni
data shows that the temperature dependence of the frequenet/al™® derived the following equation for the frequency-
exponent is different for the as-diffused samples and the ardependent admittance in a macroscopic percolation system;
nealed samples. Therefore, different exponents are defined
for these two cases. In case of the as-diffused samples we 1+ w®6°
refer to the exponent as but after subsequent annealing we o(w)=0(0) ———,
refer to it ass. The values of the exponemnt for the as- 1+
diffused samples 1 and 3, shown in Fig. 4, were obtaine
from straight-line fits in the high-frequency dispersion re
gime shown in Figs. () and 2a). We found thatx had a
constant value close to unity throughout the whole temper
ture regime investigated. However the expongnfor the
annealed sample 2, shows a very strong temperature dep
dence, as seen in Fig. 5.

4

% which 7 has been replaced k; a macroscopic relaxation
“time characterizing the electron scattering by insulatihey
pleted regions around which the electrons percolate. When
Gthese depleted regions overlap, the transport of carriers is
retarded. A plot ofo(w) given by Eq.(4) exhibits a mini-
&um for the frequency,,, wherew,,6=0.856° A combi-

4

10
A. Percolation
ov
The existence of a macroscopic percolation regime in the
as-diffused samples 1 and 3 is explored further in Fig. 6 - 10° v
where a linear relationship betweexr, and o (the flat part =, o °
of the measured admittance absolute valaeseen, which is 5 v
clear indication of a conduction by carriers percolating 10° o v
around macroscopic insulating regions. It may therefore be v
concluded that metallic precipitation is present after the Li v g:mp::z;
diffusion at T=800°C and subsequent quenching to room 10' - = P -
temperature. In an admittance spectroscopy study of low- 10 0 e [3]10 10

temperature grown GaAs, Khirouet al. attributed a distinct
minimum in theo(w) curve to a percolation regime caused  FIG. 6. Variation of the frequency at admittance minimum with
by precipitation of As in a metalliclike island$.A similar  dc conductivity of the as-diffused samples 1 and 3.
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1072 samples Hopping conduction is impossible in an empty or a
full defect band. All native defects and impurities in the
samples are neutralized by Li during the Li-diffusion phase,
10° v ° which explains why no hopping-conduction is observed prior
o to annealing. After annealing a portion of the Li is removed,
v creating a partially filled defect band, in view of the hopping
4 oo conduction observed. A native single acceptor located 68
meV above the valence-band edgepitype GaAs is known

v o o Sample #1 to exist in Ga-rich GaAs and is believed to be due to the
. v _Sample #3 VsrGans pair?? G, , Ga,.~ ~, andVY, have energy lev-

2 3 4 5 6 els 80, 200, and 140 meV above the valence band,
1000/T" {1/K] repectively?® Zn is a typical shallow acceptor in GaAs with a
level ~35 meV above the valence band. However, a band of
such defects would be closer to the valence band due to band
broadening.

The CBH model describes charge carrier hops between

nation of the simple relatiom,,¢=0.856 and the data of gjiag gyer the potential barrier separating tHérfor single-
Figs. & and 2a) is used to probe the temperature depen-,,ar0n hopping the barrier height is related to the dis-
dence of#. An Arrhenius plot of for samples 1 and 3,

A o X s : tance between the hopping sitesas
shown in Fig. 7, indicates thaktis an exponential function of

6 [s)
<

10

10

FIG. 7. Temperature dependence of the relaxation tirfa the
as-diffused samples 1 and 3.

the inverse temperature. A straight-line fit to the data accord- e?
ing to W(R) =W~ TeeR’ ()
fcexp AE/kgT) whereW,, is the maximum barrier heigliie., at infinite site

separationand e the bulk dielectric constant. In the case of
gives the activation energdE~340 and 200 meV, for classical hopping of carriers over a potential barésepa-
samples 1 and 3, respectively. These values should correating two energetically favorable sites the relaxation time is
spond to the thermal activation energies of 290 and 230 meV
obtained from the dc conductivity?! for samples 1 and 3, 7= ToeXP(W/KgT), (6)

respectively, and in fact the energies are in qualitative agréggpere . is a characteristic relaxation tinfassumed to be an

ment with each other. inverse optical phonon frequeney10~ 2 s) 2* Based on the
CBH model, the frequency exponesitiepends on the tem-

B. Hopping conductivity perature £
The values of the exponestfor sample 2, shown in Fig. 6kaT
5, were obtained from a straight-line fit in the high-frequency s=1— B ) 7
dispersion regime shown in Fig. 1. It was not possible to W+ kgTIn(w o)

obtain values o8 for the other annealed sample, 4, since the\NhenWm> kgT the frequency exponertis practically in-
conductivity had a constant value throughout the whole fre'dependent of frequency and mainly dependent on tempera-
guency regime investigated, even at the Iovyest temperatukg e \When obeying this law, the hopping regime can easily
(36 K). A strong temperature dependencesdb observed. g recognized by the temperature dependencetbe value
The value decreases with increasing temperature, from being < should decrease with increasing temperature. In Fig. 5,
close to unity at the lowest temperature, which suggests th§q_ (7) is fitted to our data usin@V,, as the fitting parameter,
the ac conduction mechanism can be described by hopping_ 15 51 and7,=10" 13 s (the dotted ling The closest fit

of carriers between localized centers in accordance with thg .« optained withV..=230 meV but the result was at its
correlated barrier hoppin@BH) model. A polynomial fitto )¢ only in fair agremement with our data.

the values ot for sample 2in Fig. 5 extrapolates ts=0 at  1he CBH model assumes randomly distributed defect
T=107 K. This indicates that hopping conduction sets INcenters, but if one assumes paired defects instea@7Ebas

below ~110 K, which is in good agreement with previous , e modified. A correction term of the forfiVT,, where
experiments on Li diffused and annealed Gd/Based on T, is a constant associated with a transition to a different

this and the observed activation energies of 14—-48 meV W, quction mechanism may be added to &o. A similar

conclude that the defect band in the annealed samples |54 ification has been done for chalcogenic glasses whgre
made up of shallow acceptors 20-50 meV above the valencg associated with the glass-transition temperatfirghe

band. : . . ) equation can then be written as
The physical meaning of the activation energies 290-340
and 200—-230 meV, of the as-diffused samples 1 and 3, is not 6kgT T
. . i S= 1 —_ + - . 8
clear. One interpretation would be the presence of deep Li Wt kgTIn(@ro) | Tg (8)

related acceptors with a very small concentratioeeping in
mind that the resistance of the as-diffused samples are four By using T;=350 K, W,,=230 meV, andwr=10"', we
six orders of magnitude higher than that of the annealedbtain a reasonable good fit to the data represented in Fig. 5

155209-5



SVAVARSSON, GUDMUNDSSON, AND GISLASON PHYSICAL REVIEW B9, 155209 (2004

as shown by the solid line. The physical interpretation ofnism in the as-diffused samples is different from that of the
such a correction term in our case is, however, vague andnnealed samples: After Li diffusion, the conduction takes
should be taken with precaution. place in the valence band in which free holes, provided by
To summarize, deep defects located 200—340 meV abovinermal activation of deep levels, percolate around insulating
the valence band are created during diffusion of Li intoregions. The presence of percolation indicates that the mate-
GaAs. During cooling of the as-diffused samples a metallicial contains metallic precipitates and buried Schottky deple-
precipitation occurs. Hence the conduction mechanism in thdon regions. We suggest that the percolation may be due to
as-diffused samples is characterized by thermally activateali, precipitating during in-diffusion of lithium and follow-
holes percolating around insulating regions of the metallidng cooling. After subsequent annealing the conduction oc-
precipitates. In the annealing process a portion of the Li isurs in a partially filled defect band in which electrons move
removed and a patrtially filled band of shallow defect levels,by hopping between occupied and empty defects. We at-
whose wave functions overlap, is invoked. This gives rise tdribute the defect band to Gaand Vg, defects, located
a hopping-conduction mechanism which dominates the cor20—50 meV above the valence band. At high frequency the

ductivity below roughly 100 K. ac conductivity is proportional ta®. The value ofs de-
creases with increasing temperature suggesting a CBH
V. CONCLUSION mechanism. A fit to our data, using the CBH model, was,

however, only in a qualitative agreement with the theory and

We report on measurements of the frequency-dependegjie possibility of more than one transport mechanisms oper-
conductivity in lithium-diffused and annealed GaAs. Li dif- ating simultaneously should be borne in mind.

fusion into GaAs reduces the free-carrier concentration and

makes the material semi-insulating. Positron annihilation

spectroscopy shows that both gallium vacandiggand gal-

lium antisite defects Gg are formed during the in-diffusion The authors wish to thank Sigurdur Gudjonsson for ex-

of Li and increase in concentration upon out-diffusion of Li perimental assistance. This work was partially supported by

(annealing® the Icelandic Council of Science and the University of Ice-
We demonstrate that the dominating conduction mechaland Research Fund.
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