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Passivation and thermal reactivation of Mg acceptors inp-type GaAs
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This paper reports on the efficient passivation of Mg-doped GaAs. The extent of the passivation was
demonstrated to be highly temperature dependent, with the passivation being even more efficient than that of
Zn-doped GaAs at temperatures below 140 °C. By performing reverse bias annealing measurements between
60 and 130 °C, we observed the reactivation of the Mg acceptors within the high-field region of the Schottky
diode. This reactivation was found to obey first-order kinetics, with a dissociation ergygy=(0.90
+0.03) eV and an attempt frequency= (3f§) x10% s™1. These results suggest that the Mg-H configuration
is not bond centered, as also suggested by previous infrared absorption studies.

It has been demonstrated in the past that the exposure gktter understood Zn-dopedb€6.3x10'® cm™3) GaAs.
GaAs to a hydrogen plasma results in the neutralization oEpilayers in whichno dopants were intentionally introduced
both shallow acceptorée.g., Zn, Be, and OQdand shallow had a donor concentration of>x410* cm™ 3, with little
donors(e.g., Si and Se In the case op-type material, pas- p-type impurity compensation. The Mg precursor used, bis-
sivation of the acceptor atoms results from the capture of freécyclopentadienymagnesium, has also been established to
holes by the hydrogen atoms, followed by the formation ofdecompose cleanly, with hardly any impurity
neutral acceptor-hydrogen complexes. Compared to otherompensatiofi:®> Any carbon incorporation is therefore con-
group-ll acceptors, magnesium has received significantlgidered to be negligible. Schottky diodé&® nm thick were
less attention. This is partly attributed to the notion thatformed by electron beam evaporation of ruthenium onto the
GaAs:Mg is only mildly passivated by hydrogéA.The surface of the material. These contacts were simultaneously
main contributions to understanding the properties of thdabricated on both Mg- and Zn-doped materials and dis-
Mg-hydrogen complex have come from infrared absorptiorplayed identical electrical characteristics. Details of the Ru
spectroscopy® The absorption line observed at contact characteristics and thermal stability have been re-
2144.01 cm?! in hydrogenated GaAs:Mg was initially as- ported elsewherg.
cribed to the presence of interstitial As-hydrogen entities. The GaAs layers were hydrogenated by exposing the
From a comparative study with hydrogenated InP:Mg andSchottky diodes to a dc hydrogen plasPiawith a plate
GaAs:Mg, however, it was subsequently suggested that theoltage of 600 V. This alternative approach of hydrogenating
absorption line is related to Mg passivation by the formationthe material through the Ru contacts, instead of exposing the
of a Mg-H centeP Although the experimental evidence ruled GaAs surface directly to the plasma, has several advantages:
out a bond-centereBC) configuration, the exact configura- first, the metal film reduces near-surface damage that could
tion could not be resolved. impede the reactivation of Mg-H complexes, and second, the

Although Mg is generally not used as a dopant in bulkbuilt-in field of the Schottky diode reduces the accumulation
grown GaAs, it is a widely used implantation source forof near-surface hydrogen by causing field-assisted drift of
device manufacturing. Since hydrogen is incorporated duringositively charged hydrogen species away from the surface
many of the processing procedures, the effect it has on théuring hydrogenation. The samples were placed on a heater
electrical properties of Mg needs to be well understood. Inblock 10 cm downstream from the plasma for 2—4 h, and
frared absorption measurements of acceptor-hydrogen comvere biased-100 V relative to the plasma. The hydrogen
plexes also require the passivation of a high concentration gfressure was maintained at 0.5 mbar and the sample tem-
the acceptors in the material. The effectiveness by which Mgeratures ranged between 60—140°C. The hole concentra-
is passivated, as well as the stability of the Mg-H complextions in the epilayers were profiled at room temperature us-
are therefore important considerations. An important paraming a standard 1-MHz capacitance-voltage measuring
eter describing its stability is the dissociation energy of thetechnique. All anneals were performed in the dark at a tem-
complex. As a result of the perception that Mg passivation iperatureT,, with a reverse bias applied to the Schottky di-
only very moderate, this parameter has not yet been olnde. After an annealing peridg, the samples were rapidly
tained. This paper addresses these issues by demonstraticgpled by immersing the sample holder into liquid nitrogen,
the efficient passivation of Mg under the appropriate condiwhile still maintaining the reverse bias.
tions, and by extracting the dissociation energy using thermal Figure 1 shows the active acceptor concentration profiles
reactivation measurements. following the exposure of the layers to the hydrogen plasma

Mg-doped =5.3x10'® cm™3) epilayers were grown at 60, 100, and 140°C. A clear decrease in the carrier con-
by metalorganic vapor phase epitaxy ph-type GaAs, ori-  centration is observed for both doping types. This reduction
entated 2° off thg100). Since very little is known of the is attributed to the passivation of the shallow acceptors by
passivation behavior of Mg, the passivation study was simulthe formation of neutral Mg-H and Zn-H complexes. The
taneously performed on both Mg-doped, as well as on thextent of the passivation differs between the two materials:
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FIG. 3. Inactive Mg concentration in the high-field region ver-

FIG. 1. Active acceptor concentrations in hydrogena_ted Mg andsus annealing time. The annealing times are adjusted by a factor
Zn-doped GaAs after exposure to a dc plasmaZfd atdifferent to accommodate for the large time differences.

temperatures.

. ) deeper into the material (0.43m<x<1 wum). This result
When hydrogenated at 100°C, the carrier density Ofs similar to what has been reported for other acceptor dop-
GaAs:Mg reduced by roughly 70%, as compared to 20% fognts and can be explained as follows: annealing hydroge-
GaAs:Zn. The overall degree of passivation also decreaseghted GaAs:Mg at elevated temperatures results in the disso-
with increasing temperature. This is believed to result fromgjation of Mg-H complexes according the equation
an increase in the hydrogen diffusion length, which causeg\igH)° ~Mg~+H*. The released hydrogen is positively

the distribution of hydrogen over a larger volume. The rela-charged and hence undergoes field-assisted drift deeper into
tive extent of passivation between the two dopants also b&e material. where it recombines to form new Mg-H com-
came less prominent with an increase in temperature, withjexes, thereby reducing the carrier concentration. The
the layers hydrogenated at 140 °C showing a similar reducaiomic H concentration is consequently low within the high-

tion in carrier density. _ _ field region due to this drift. The above reaction therefore
The effect of annealing a passivated GaAs:Mg ep”ayerpredominantly oceurs to the right.

while a reverse bias is applied to the Schottky diode, is il- Assuming the room-temperature concentration df id
lustrated in Fig. 2. After hydrogenation, the shallow acceptorneg”gime compared to the Mg-H concentration, the electri-

: 6 a3

concentration was reduced to roughly X80 cm™® ata  ca|ly active Mg distribution, following an annealing period
depth of 0.4 «m. The acceptor distributions following a se- t_ ‘can be approximated by the measured hole concentration
ries of isothermal anneals at 115 °C, with a reverse bias of fl\'A(ta) in the GaAs. The rate of hydrogen capture by elec-

V applied to the Schottky diode, are shown in Fig. 2. In theyica|ly active Mg acceptors and the dissociation of the Mg-H
regionx<0.43 um of the space-charge region, the Mg ac- complexes is described by

ceptors became progressively more reactivated. This was ac-
companied by a simultaneous deactivation of Mg acceptors J[MgH]

—— = ugn(P—[MHD[H" ] = nygu[ MgH], (1)

13min ay, T=118%C where oy is the capture rate of Hby Mg~ and VmgH 1S
3,/72 i o the dissociation frequency of the Mg-H complexgbl*]
— 2% min "SRR R and[MgH] denote the concentration of free-atomic hydrogen
€ Pamn TNR and Mg-H complexes, respectively. If the electric field is
- 0s ™= initial sufficiently high to suppress the recapture of hydrogen
[ within the space-charge region, then the tergyu[ MgH]
g will dominate in Eqg.(1). As a result, the dissociation of the
B 10"} Mg-H complexes is predicted to obey first-order kinetics. An
5 expression for such a first-order reactivation process is de-
© scribed byl (ta) =1 (ta=0)exf — mygn(Ta)tal, wherel (t,) is
the concentration of electrically inactive Mg accept@as a
specified depthafter an anneal period. In order to verify this
00 oz o4 o8 o8 1o brediction, the inactive Mg concentratidft,)=p—Na(ta)

Depth (um) i§ plott.ed versus the isothermal annealing time. Since the
linear fit shown in Fig. 3, obtained far,= 115 °C at a depth
FIG. 2. Active magnesium concentration profiles after 4-V re-0f 0.34 um, corroborates the first-order reactivation of the
verse bias anneals of a hydrogenated GaAs sample at 115°C fdg-H complexes, a dissociation frequenayq(115°C)
different annealing times, . =(7.5-0.9)x10"% s ! can be obtained. The reactivation
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Temperature (°C) TABLE I. Dissociation energieEp and attempt frequencieg
, 140 120 100 80 60 of the different group-Il acceptors in GaAs.
107 g7 v T T T v T T T ™3
E Dopant Ep (eV) vo(s™h) Reference
T ook i Mdga (0.90+0.03) 3x10° This work
f E Beg, (1.15+0.10) 1.5¢ 10" Ref. 11
2 Cds, (1.35-0.10) 1063 Ref. 12
§ . ZNe, (1.33+0.03) 7x 1013 Ref. 10
® 107 -
i F ]
c
-.% frequencies of Mg and other group-Il acceptor-H complexes
S 10tk J in GaAs. The dissociation energy of the Mg-H complex is
2 E E significantly lower than what has been reported for any of
a the other acceptors. The measured dissociation energy is
< . . . . < . composed of the binding energy of the acceptor-H complex,
10 . . . . . : .

54 25 26 27 28 29 30 8.1 plus the migration energy required to remove the H atom
beyond the capture radius of the acceptor atom. If it is as-
sumed that the diffusion path of H is independent of the

FIG. 4. Arrhenius plot of the measured dissociation frequencieicceptor properties, then the 0.58-eV migration energy ob-
of the Mg-H complex. The solid line represents the fit of the equatained by Rahbet al? should have the same contribution to
tion wygn=roeXp(—Eygy/kT) to the data, with vo=(3"3) the different group-Il acceptor-H dissociation energies. The
x10% s ! and Eygy=(0.90£0.03) eV. The broken line, which binding energy of the Mg-H complex is therefore determined
represents the dissociation frequencies for the Zn-H com{®ek  to be roughly half that of the other acceptor-H complexes
10), has been included for comparison. where H resides in the BC position.

The Mg-H dissociation frequency is also seen to exceed

measurements were performed in a similar manner for varithat of Zn-H for temperatures below 130°C, and to be a
ous temperatures in the range 60-130°C. For the sake @wer value for higher temperatures. This convergence of the
clarity, only the time dependencies of the reactivation experidissociation frequencies of Mg-H and Zn-H can therefore
ments corresponding f6,=60, 80, 100, and 115°C are il- explain the observed passivation results: the larger passiva-
lustrated in Fig. 3. The plots have been normalized relativeion depth of GaAs:Mg hydrogenated at 60 °C, as compared
to the initial inactive Mg concentration of each of the reac-to that of hydrogenated GaAs:Zn, is possibly due to a larger
tivation experiments. The annealing times have also beep ™ diffusion length. If the H diffusion is purely controlled
adjusted by a factow to accommodate for the large time by the association and dissociation processes, then a larger
differences. dissociation frequency would result in an increase in the dif-

The reactivation kinetics was seen to deviate from firstfusion length’ The similar passivation of Mg- and Zn-doped
order after long anneal timésot shown in Fig. R This has  GaAs at 140°C can then be attributed to the similarity of
previously been attributed by Zundel and Wébs the  their dissociation frequencies at the same temperature. A
build-up of hydrogen at the edge of the space-charge regiostudy of GaAs:Mg by Rahbét al? showed negligible inter-
The saturation of available acceptor trapping centers thegction between deuterium atoms and Mg acceptors when hy-
impedes the drift of hydrogen away from the high-field re-drogenated at 150 and 170 °C. Although the thermal reacti-
gion. The resulting increase {H" ], together with the in-  vation results from this present study give no clear indication
creased availability of electrically active Mg acceptorsof the capture efficiency of the Mg atoms, the passivation

within the space-charge region, consequently causes the cagsults suggest a lowering in interaction between H and Mg
ture term in Eq.(1) to become significant. The study by with increasing temperatures.

Zundel and Weber also revealed that the annealing time The lower stability of the Mg-H complex was also ob-
available for first-order reactivation was higher for acceptorsserved in a photoluminescence study by Szafranek and
with a larger dissociation energy. This was attributed to thestillman?® which showed that the susceptibility of the Mg-H
slower release of hydrogen, accompanied with an unchangesbmplex to light-induced reactivation far exceeded that of
hydrogen drift. Reactivation measurements were consepther acceptor-hydrogen pairs.
quently obtained for limited anneal periods {/vyg). The The dissociation attempt frequeney is also seen to be
Arrhenius plot of the dissociation frequenciegg(T,) is  five orders of magnitude lower than what is typically ob-
shown in Fig. 4. The Arrhenius plot representing the dissoserved for other group-Il acceptor-hydrogen p&Fable ),
ciation of the Zn-H complex? with its dissociation energy which have prefactors in the order of the lattice-phonon vi-
of 1.33 eV and attempt frequency of7L.0"* s %, has been pration frequencies 10" s1). This, together with the
included for comparison. The horizontal and vertical errorjow dissociation energybinding energy, suggest that the
bars represent a 3 °C andx8.0' cm 2 uncertainty inT,  bonding configuration of the Mg-H complex differs from the
and Npo, respectively. The values satisfy the equationconventional configuration, where the H atom is bond-
vmgr(Ta) = vo exXp(—Eugn/KTy), with a dissociation energy centered between the acceptor and the group-V atom. First-
Emgn=(0.90:0.03) eV and an attempt frequency, principles calculations of the Mg-H center predicted the BC
=(33)x10¢f s L. and antibonding site to have similar stabilitfeslthough the
Table | lists the known dissociation energies and attempbond-centered configuration has been ruled out experimen-

1000/T (K")
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tally on the basis of its local vibrational modehe Mg-H  confirmed the positive charge state of hydrogen in GaAs:Mg,

centers could exist where H is antibonded. with the dissociation energy and dissociation attempt fre-
In conclusion, we have shown that Mg-doped GaAs camuency of the Mg-H complex found to be (0:90.03) eV

be passivated by the introduction of hydrogen with a dcgng (373)x10° s%, respectively. The contrast between

plasma system. The efficiency by which the Mg acceptorshese values and that of other group-Il acceptors suggests

are neutralized was also shown to be highly temperature dp; the Mg-H configuration is not bond centered, as is the
pendent, with the efficiency decreasing with increasing paszsse for other group-Il acceptor-H complexes in GaAs.
sivation temperatures. For temperatures below 140°C, the

extent of Mg passivation was in fact found to be greater than The financial assistance of the South African National Re-

that of GaAs:Zn. Thermal reactivation measurements alssearch Foundation is gratefully acknowledged.
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