PHYSICAL REVIEW B VOLUME 56, NUMBER 15 15 OCTOBER 1997-1

Diffusivity and defect reactions of lithium in GaAs
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The diffusion of lithium in GaAs is shown to be trap limited at high doping levels. As in the case of other
reactive impurity species in semiconductors, the intrinsic diffusivity of Li in GaAs can only be measured in
lightly Li-doped material that has high purity or exhibits weak pairing interactions. From charge-density
profiles in Zn-doped GaAs measured by the capacitance-voltage technique we determine the intrinsic diffu-
sivity of Li to be D;=Dyexp(—En/kgT) with E,=0.67+0.02 eV andD,=(0.5-2)x10"2 cm?/s. In Li-rich,
nominally undoped starting material, however, the diffusion is limited by the formation of complexes involving
several Li atoms and native defects. The most weakly bound Li atoms are released from the complexes above
100 °C and a dissociation energy Bf=1.20+0.03 eV can be used to characterize the effective diffusion
behavior. A previously reported 1.0-eV migration energy for lithium in Li-saturated GaAs at high temperatures
is consistent with our observations under the model of trap-limited diffu®di163-18287)05839-9

[. INTRODUCTION drift measurements agreed with high-temperature diffusion
data only in very pure material where trapping was insignifi-
Accurate evaluation of the intrinsic diffusivity of reactive cant, giving values around 0.6 gRef. 4). In contrast to the
impurity species in semiconductor crystals is a challengingensitive ion-drift measurements made on Si samples of very
task. Although impurity migration can be studied quite easdow Li concentrations([Li] ~10" cm~3), diffusion of
ily, e.g., by means of secondary-ion-mass spectroscoplthium in GaAs was investigated by Fuller and Wolfstirn
(SIMS) or charge profiling techniques, some migrating spe-near the solubility limit of Li([Li] ~10' cm™3). In the
cies exhibit a strong tendency to form complexes with othetatter case, the diffusion was described as “dissociative”
impurities or native defects in the crystal. Elementary analy+ather than Fickian. The initial part of the diffusion process
sis of the diffusion kineticsreveals that the diffusion may in was found to be characterized by an activation energy around
some cases be described by the standard diffusion equatiorisp eV. This value has been included in the literature with
provided that the intrinsic diffusivity is replaced by an effec- data on intrinsic diffusion coefficients in GaAsee, e.g.,
tive diffusivity D¢. The modified diffusion coefficient in Refs. 6 and Y. Fuller and Wolfstirn suggested the formation
the presence of trapping centers can then be expressed asof Li;-Lig, and (Li),-Li g, complexes but later spectro-
scopic investigations failed to confirm the existence of such

D..— Di & simple configurations, indicating more complicated Li-Li
et 47RND’ interactions
1+ ———— This paper presents results of low-temperature annealing

v experiments yielding activation energies that govern Li mi-

where D, is the intrinsic diffusivity, R and N denote the gration inp-type GaAs, confirming that lithium diffusion is
capture radius and number of trapping centers, respectivelgirongly trap limited in Li-rich material. We derive the in-
and v4 is the complex dissociation frequency. At high tem- trinsic migration energy of Li in GaAs using similar mea-
peratures, wherey>RND;, the effective diffusivity equals surements on material with a low Li concentration and weak
the intrinsic diffusivity whereas at lower temperatures thepairing interaction. Supporting measurements of localized vi-
defect migration is limited by the complex dissociation fre- brational modegLVM's) in Li-diffused material were car-
guency. ried out using Fourier-transform infrarg@TIR) spectros-
This simple model was used successfully to account focopy.
trap-limited hydrogen diffusion ip-type Si at low tempera-
tures yielding_an_gpper Iimit_ of 0.7_eV for the migration Il EXPERIMENT
energy of H" in silicon' consistent with a value of around
0.5 eV previously obtained from high-temperature data. Samples used in this study were cut from GaAs wafers
When different charge states of hydrogen, several kinds afrown by the horizontal Bridgman method. Two starting ma-
trapping centers, and the formation of,Hnolecules are terials were used for electrical measurements, nominally un-
taken into account the analysis becomes more elaboratdoped GaAs (room-temperature carrier concentration
Deuterium diffusion profiles irp-type GaAs have been ac- n=1x10"® cm™3) and Zn-doped GaAs p=4x10'°
curately simulated using such a detailed model, suggesting@m~2). FTIR measurement were carried out on several dif-
migration energy around 0.6 eV for Hin GaAs® ferent starting materials, ranging from heavily Zn-doged
Early reports on diffusion of lithium in Si and GaAs in- type to nominally undoped-type and semi-insulating start-
dicated similar pairing effects. In the case of silicon, activa-ing materials. Samples were diffused with lithium using
tion energies deduced by Pefrom low-temperature ion- open-tube diffusion under Ar ambient from arsenic-saturated
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gallium melt containing 99.9% Li metal. The doping level after Li diffusion exhibited high thermal stability and no
was controlled by varying the diffusion temperature, diffu- change was observed in charge-density profiles after reverse-
sion time, and amount of Li metal in the melt. The diffusion bias annealing at temperatures up to 200 °C. It may be con-
procedure results in a homogeneous Li distribution throughcluded that the compensating Li resides in relatively stable
out the bulk of the sample as described elsewfiere. configurations, presumably bound to native defects as noted

After diffusion, samples were cleaned and etched. Fofy sec. 111 B. Inp-type samples containing Li, however, sig-
electrical measurements, Schottky diodes with a typicahificant charge transfer is observed after annealing under
breakdown voltage of 2—3 V were formed prtype material  pias, even below room temperature. Similar behavior was
by evaporating 1000 A of aluminum on the sample surfacgypserved previously in Li-passivated Zn-doped and Cu-
through a shadow mask of 1 mm diameter. Gold dots o{joped GaA¥"*°and attributed to the drift of LT ions in the
similar dimensions were used amtype material, giving electric field of the reverse-biased junction. When the bias is
Schottky barriers with a highX30 V) breakdown voltage. removed, ions diffuse from the bulk of the material back into
Ohmic contacts were made on the opposite side of thene Li-depleted region.
samples by welding Zn or Sn-coated gold wire to the surface Measurements on acceptor reactivation in Zn-doped start-
of p- andn-type samples, respectively. ing material have been presented previodsliy.was shown

Annealing experiments were carried out under vacuum ithat Li-passivated Zn acceptors are reactivated upon reverse-
a Joule-Thompson refrigeration system. The unit was Cahjas annealing, even below room temperature. We confirmed
pable of cooling rates of 0.5 K/s and heating rates exceedinghat zn acceptor reactivation in samples used in the present
3 K/s. The stability of the temperature regulator was Withinstudy was governed by the same parameters as previously
Q.l K in the investigated temperature range. Short annealing;ported. No transfer of space charge is observed in the
times were corrected for the effect of finite cooling and heat-p_type starting material under similar annealing conditions
ing rates. Capacitance-voltag€(V)] profiles were mea- prior to the introduction of Li. Charge concentration profiles
sured using a 1-MHz Boonton 72B differential capacitanceyere measured in undoped GaAs starting material, converted
meter. _ to p type by Li diffusion at 500 °C for 20 h using the tech-

FTIR measurements were performed using BA&nd  nique described in Ref. 15. The final Hall hole concentration
DA8 Bomem interferometers equipped W|th a global’ I|ght|n the Samp'e was around)ﬁols Cm73 at room tempera_
source and mylar beam splitters. The transmitted light wagyre. The total Li content of similarly treated samples has
detected with a bolometer. Samples were cooled in CF 204gen determined by SIMS measurem@misbe of the order
or CF 1204 Oxford Instruments continuous-flow cryostats toyf 108 ¢y 3.
temperatures around 6 K. Charge-density profiles were also monitored during zero-
bias annealing at different temperatures in order to quantify
and compare lithium diffusion parameters. A step in the im-
purity distribution was created with prolonged reverse-bias

Previous electrical measurements have shown that Lénnealing and charge-density profiles were recorded periodi-
compensates shallow donors iRtype material and passi- cally during subsequent thermal treatment without bias. The
vates the electrical activity of native electron traf#. more  effective diffusivity of Li in GaAs was determined from
lithium is introduced inton-type GaAs the material is con- these measurements as discussed in Sec. IV A.
verted top-type followed by Li self-compensation with the Space-charge-density profiles in highly Li-diffused GaAs
final hole concentration depending on the diffusion condi-after successive zero-bias annealing treatments are shown in
tions. When Li is introduced intp-type GaAs it reduces the Fig. 1. The initial curve was recorded after annealing with a
conductivity and initially increases the hole mobility by 2-V bias at 420 K for 3 h. The step in the charge-density
forming electrically inactive Li-acceptor paitsHeavy Li  profile disappears after annealing without bias for several
doping eventually decreases the carrier mobility and rendergours at 420 K as shown in the figure. Similar measurements
both n-type andp-type starting materials semi-insulating. ~ were carried out in the temperature range 400—-490 K.

The interaction of lithium with other impurities and de-  Zero-bias annealing measurements were also made on Zn-
fects in GaAs has been monitored by studying LVM infrareddoped starting material passivated with Li. Corresponding
absorption bands that appear when lithium is diffused intsspace-charge-density profiles are shown in Fig. 2. The
the material. Extensive studies of Li-diffusaetype material sample was diffused with Li at 400 °C for 8 h. Prior to
show Li-related LVM'’s involving native defectsas well as measurement, the sample received a mild heat treatment for a
substitutional Si donork: Localized modes of lithium paired prolonged period of time that removed much of the Li intro-
with most common acceptors in GaAs, such as Mn, Cd, anduced by the diffusion process. Here, the maximum acceptor
Zn, have also been investigat@d. reactivation in the near-surface region after annealing with a
1.5-V bias for several minutes at 330 K is aroung B0'°
cm 3, roughly one-fifth of the maximum reactivation ob-
served in heavily Li-diffused undoped starting material, re-

Reverse-bias annealing of Schottky diodes was carrieflecting the different concentrations of mobile Li in the
out to study the kinetics of defect interactions in our samplessamples. Annealing without bias for several hours at 300 K
Charge-density profiles were recorded at low temperaturegas sufficient to restore the equilibrium charge distribution.
using standardC(V) techniques. The methodology is de- Zero-bias annealing measurements on Zn-doped material
scribed in detail by Zundel and Webkr.Samples from were carried out for annealing temperatures between 280 K
nominally undoped starting material that remainedype  and 345 K.

lll. RESULTS

A. Annealing experiments
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FIG. 1. Charge concentration profiles in Li-rich material during
zero-bias annealing. The initial profile was created by annealing
with a 2-V reverse bias at 420 K for 3 h. The labeb™ represents
a 30-min anneal without bias at 460 K. Profiles were measured ai
270 K after rapid cooling of the sample. 0 | | | | | | |
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B. Li-related localized-vibrational-mode -1
Wave number (cm™)

infrared absorption bands

Figure 3 shows absorption spectra of three Samp'esy mea- FlG 3. Absorption spectra in Li-diffused GaAs measured by
sured by FTIR spectroscopy. The samples were prepared §urier-transform infrared spectroscopy. CurgeandB represent
follows: highly Zn-doped starting materialp& 1 100 Zn-doped starting material with ghfferent concent_ratlons of_Ilthlum
cm™3) diffused with Li at 800 °C for 9 KcurveA) and at whereas curveC was measured in undoped starting material. The
850°C for 8 h(curve B) and nominally undoped semi- _spe_ctral positions of dominating localized vibrational modes are
insulating starting material was Li diffused at 850 °C for 8 h indicated.

(curve C). In the conducting samples the free-carrier con-  CurveA of Fig. 3 is characteristic of GaAs doped with Li
centration dropped fouicurveA) or five (curveB) orders of  and Zn in similar concentrations. Under these circumstances
magnitude after Li diffusion and the carrier mobility in- the material is nearly depleted of holes through passivation
creased significantly. of the Zn acceptors by Li. Four vibrational modes are con-
sistently observed under such conditions. Their spectral po-
sitions are 340, 361, 377, and 405 tin(Ref. 12. These

' ' ' ' o modes can be attributed to neutral Zn-Li complexes, since
&~ 54 initial GaAs:Zn + Li the hole mobility always increases in samples which show
£ 10 min Zero-bias this spectrum alon@.
< annealing Other weak Li-related modes are present in the sample of
T o, 20 T,=3800K curveA, the strongest one represented by an absorption peak
_f_f) | 30 at 379 cmi 1. This mode increases in strength with higher Li
B 40 concentration, as curvB indicates. Several weaker peaks
§ 60 appear as well but are ignored here. In starting materials with
g 50 . lower Zn concentration, weaker Li doping suffices to pro-
° duce an LVM spectrum similar to cung.
2 = If the concentration of Li is increased further the Li-Zn
S 48 . peaks disappear whereas the 379-tmpeak remains strong
| | . ) | and four additional peaks appear, their spectral positions be-

ing 328, 365, 384, and 421 cm. These five peaks also
appear inn-type and semi-insulating starting materials con-
taining Li. CurveC is representative of this situation, show-
FIG. 2. Space-charge-density profiles measured during zero-bid89 the FTIR spectrum of nominally undoped semi-insulating
annealing of lightly Li-passivated Zn-doped starting material. UponStarting material doped with Li under similar diffusion con-
reverse-bias annealing at 330 K fh with a reverse bias of 1.5 v ditions as the sample of curi@. A decrease in the Hall
a step is created in the profi(éinitial” ). During subsequent zero- Mobility of free carriers in botm- and p-type material is
bias annealing the impurity distribution approaches equilibrium,0bserved with the appearance of the five Li-related LVM'’s.
represented by the” profile, recorded after a 30-min zero-bias Stronger Li doping always makes these samples semi-
anneal at 320 K. insulating, while Li-diffused semi-insulating starting mate-

0.15 0.20 0.25 0.30 0.35
Depth (um)
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10" Fr————1 . . — recognizing the fact that only unpaired atoms diffuse freely
£ GaAsZnel 3 through the crystal. Furthermore, the rate of change of the
_ ans:n+ number of complexes must be reflected in the number of free
oA 102 atoms. Therefore,
é’ GaAs:un+Li ; ot
o 1.19 eV dCp 9°Cp
3 f ~f
——=D;———0C,Cg+vCpp. 2
§103_ ot X2 oLapT VB v
S
}‘E Here, Cl denotes the free concentration of speciesnd
'*é 104 b Cag is the concentration of complexes. This equation must
2 be solved numerically in order to accurately simulate trap-
limited diffusion in the material. Under certain experimental
i conditions, however, a number of simplifying assumptions
© I — : can be made and E¢R) becomeb
450 400 350 300 250
Annealing temperature (K)
dC, 9°Cp
FIG. 4. Arrhenius plot of charge reactivation frequencies in Li- gt eff ox2 ©)

rich GaAs (A). Data from Ref. 15 M) are included for compari-
son. Activation energies determined by a least-squares linear fit WQith D

the data are indicated o given by Eq.(1). In this case, the equation has

analytical solutions for certain initial conditions. In particu-
lar, if the impurity profile can be viewed as a single step
function in an infinite medium the solution is given by the
complimentary error function, the spatial derivative of which
is a Gaussian peak centered at the initial step and decreasing
in height as 1{4D4t. This approach was used in Ref. 1 to
extract Do for hydrogen in Si:B. The spatial restrictions

rial remains highly resistive. The LVM spectrum of the dif-
ferent starting materials invariably resembles cuGafter
heavy Li doping.

In early work, the 379-cm® peak was assigned to a Li-
related complex acting as a donor and the peak at 365'cm

. . . 8 .
was attributed to a complex acceptor involving'lQualita- 00564 by the low breakdown voltage in our diodes prevent

tlve!y, our observat|c_)ns are in good agreement with th.e.sguch a simple approximation since the impurity profile can
assignments. In particular, the decrease of the Hall moblll%nIy be recorded in a small region of the sample

agrees with the incr_eased concentration of ionized_ impuriti_es As an alternative approach, the initial impurity profile was
which act as scattering centers for the charge carriers at h'ggbproximated with a series (’)f step functions and symme-
lithium doping levels: The three remaining peaks were sug- trized around the edge of the zero-bias depletion region in

gested to arise from different neutral defect complexesorder to prohibit diffusion against the built-in electric field.

Mixed isotope investigation suggests that all of the com- : : ;
. . . . The resultin lution to E n written X
plexes responsible for the Li-related absorption peaks in e resulting solution to EG3) can be written asa(x, )

curveC involve two or more Li atoms in addition to a native whe_re)\ ('js the ﬁn‘fusmn lengt 'V4[ie“t' An:;ﬂogous to Ref. 1
defect® we introduce the paramets{x,\)=—JC,/dX. In our case,

the reciprocal peak heightsl/is not a linear function oh.
The derivatives(x,t) was determined from the experi-
IV. ANALYSIS AND DISCUSSION mental data by subtracting the final charge-density profile
(t—) from the profile measured at a given tirnand dif-
_ _ o ferentiating the result with respect 1o The effective diffu-
Low-temperature impurity migration in compensatedsivity at each annealing temperature was deduced &)
semiconductors is commonly governed by defect pairingpy scaling the time variable of the s}{t) data to fit the
Dissociation energies of defect pairs may be derived fromyg|culated H,(\) curve. Results are shown in Fig. 5 for the
reverse-bias annealing data as discussed in Ref. 15. Reaqti-rich material. The scaling factor®.(T) used to match
vation frequencies/(T) are plotted against reciprocal an- cajculated and measured values at each temperature are in-
nealing temperature in Fig. 4. By analogy with previous lit- gicated in the figure. Analogous calculations were performed

erature we identify the thermal activation enthalpy with asor the lightly Li-diffused, Zn-doped starting material.
complex dissociation energ§y. The preexponential fre-

guency v, depends on the atomic vibrational frequency,
number of available adjacent sites, and entropy factors. For
hydrogen-related complexes it is generally of the order of Effective diffusivities determined from the zero-bias an-
102 s! (see, e.g., Ref. 16 From our data we deduce nealing data presented above are plotted as a function of
Eq=1.19+-0.03 eV and a preexponential factep=(0.5 reciprocal temperature in Fig. 6. Also included in the figure
—-2.5)x 10" s~ Figure 4 also includes reactivation fre- are results of the high-temperature diffusion experiments of
quencies measured in Li-passivated Zn-doped starting maté&uller and Wolfstirm Activation energies determined from
rial, giving E4=0.85+0.02 eV andvo= (3-5)x10? s !,  the present data are 12@.03 eV for Li-rich material and
attributed to the dissociation of Li-Zn complexgs. 0.75+0.02 eV for Zn-doped starting material. The former
Interstitial impurity migration in the absence of an electric agrees, within experimental uncertainty, with the complex
field is well represented by the standard diffusion equationsdissociation energy measured by reverse-bias annealing. In

A. Complex dissociation and effective diffusivity

B. Determination of the intrinsic diffusion coefficient
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8 — T T T T T energy, in accordance with these results and(Eqg A least-
GaAs-un + Li squares fit through the calculated valuedDofgives
Ty (K) D4 (cm?s) B —0.67+0.02e
r . A4oo 6:)(10_15 7 (Dp)L=(1158x10 2)ex;{—kBT \)) cm?/s.
T 0 420 39x10™ (4)
° A 440 16x10™
% 4T v 465 92x10™ 7 In the above analysi€); is determined fronD . by as-
z o 490 40x1072 suming(a) that the diffusion follows Eq(3) and(b) thatD .
gQ is given by Eq.(1). The validity of these assumptions was
2| - verified by numerically solving Eq(2) with an additional
self-consistent electric-field term allowing for the drift of
charged Li. Initial conditions were calculated for the given
0 ) | | | | bias conditions and concentration profiles determined for
00 01 02 03 04 05 several annealing times after external bias was lifted. Calcu-
4Dt (um) lations were carried out for the Li-Zn system at two tempera-

tures, representing the boundaries of the experimental an-

FIG. 5. Annealing parameter g/ determined from charge- nealing range, using values dd; given by Eq. (4).
density profiles during zero-bias annealing at different temperaNumerically simulated concentration profiles agreed well
tures. The annealing times are scaled to match the theoretical curgith the analytical solutions and the discrepancy between the
(solid line). The scaling parametey; for each temperature are effective diffusivities was less than 5% at 330 K and less
indicated. than 20% at 280 K. The possible error in the calculated in-

trinsic diffusivity due to assumption(®) and(b) is within the
the latter case, however, the activation energy deviates frojyoted uncertainty limits ob; . In the Li-rich material Eq.
the 0.85-eV dissociation energy measured in Li-passivategy) with N~4x 105 cm™2 provides a good fit to the experi-
Zn-doped starting material. mental data.

Using dissociation frequencies of Li-Zn complexes from
Ref. 15 and assuming that the total number of trapping cen-
ters in the Zn-doped material equals the shallow acceptor
concentrationN=4x 10'® cm™3, we can determine the in- The 0.67-eV migration energy determined from our data
trinsic diffusivity D; from Eq. (1). The capture radius of agrees with commonly observed valu@s5-0.7 eV for in-
shallow (hydrogenlik@ centers equals 3—5 nm in GaAs at terstitial diffusion®” The prefactoD is close to measured
temperatures used in the present woikhe derived values Vvalues for hydroge%and lithiunf in silicon. The diffusion
of D, are included in Fig. 6. In Li-rich material the impurity data of Fuller and Wolfstirhagree fairly well with our mea-
migration is controlled by the 1.20-eV complex dissociationsurements on heavily Li-doped material despite the differ-

ence in starting materials, diffusion temperature, and method

C. Comparison with previous literature

Temperature (°C) of extractingD . Exact agreement is not expected since the
700500 300 100 0 assumption is that the trapping process depends on the total
BN N — T T Li concentration as well as the concentration and nature of
107 | Liin GaAs - native defects in the material. However, based on the present
B results and the model of trap-limited diffusion, we expect
L 107 diffusivity measurements above 300 °C to yield intermediate
5§ 109t activation energies betweds),, andE,. The previously re-
= 10 ported 1.0-eV activation energis consistent with our value
2 10 of E,, and defines a lower limit for the dissociation energy of
£ 10Mm Li-related complexes in samples used in that study.
3 The value ofE,, deduced from our data also correlates
8 T well with a model put forward in a recent review on emission
3101t channeling studies of Li in semiconductdfsstating that the
a " migration energy can be expressed in terms of the time
o needed for implantedLi to combine with Ga vacancies cre-
10" | ated during the implantation process. A detailed analysis of
1 the recombination kinetics yields a migration energy around
1000/T (K 0.6 eV (Ref. 18.
FIG. 6. Arrhenius plot showing effective diffusion coefficients V. CONCLUSIONS

determined in Li-rich GaAs ) and weakly Li-doped GaAs:Zn ) ) o ]
(®). High-temperature diffusion data from Ref. 5 are included AS in the case of atomic hydrogen, the intrinsic diffusion
(0). Calculated values db; (V) were determined from the effec- COefficient rarely characterizes the migration of Li in GaAs
tive diffusivity measured in Zn-doped starting material. Solid linesdue to its strong tendency to react with other defects. We
represent theoretical curves for intrinsic and effective diffusiviteshave demonstrated that in highly Li-doped material, com-
in the two materials. plexes containing native defects and several Li atoms are
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formed, heavily retarding the migration of Li through the were determined from the effective diffusivity using the
crystal. In our samples, a limited amount of lithium can bemodel of trap-limited diffusion, and the self-consistency of
released from such complexes provided that a dissociatiothis approach was verified by numerical calculations.
energy barrier of 1.20 eV is surmounted. This value is as- We conclude that Eq4) is the most accurate expression
sumed to represent the weakest Li-complex bond in the maavailable for the diffusion coefficient of interstitial lithium in
terial and is likely to depend on the total amount of Li in the GaAs. In order to obtain more complete data, the effective
sample as well as the nature of the starting material. Thigjffusion coeffient must be measured above 100°C in a
issue was not pursued further in the present work since th@eakly interacting system. In this case, the field drift of Li
main focus was on determining the intrinsic dlfoS|V|ty of Li. ions is too fast to be followed by the Sequentia| bias anneal-
In Li-passivated Zn-doped material the lithium is mainly ing and space-charge profiling technique employed here and

paired with Zn acceptors, even to moderately high Li-dopingother methods of extracting . are called for.
levels, as demonstrated by FTIR measurements. At low dop-

ing levels there is only minimal indication of the association
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