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Unstable displacement defects and hydrogen trapping in GaAs

H. J. Stein and J. C. Barbour
Sandia National Laboratories, Albuquerque, New Mexico 87185-1056

~Received 24 March 1997!

Defects produced by implantation of hydrogen into GaAs at 80 K have been investigated. Upon implanta-
tion, a predominant absorption band at 2029 cm21 for As-H centers is observed. A 10-cm21 full width at half
maximum at 80 K for the band, and strong dependence of the frequency and bandwidth on measurement
temperature, are indicative of bonding of hydrogen at displacement defects within the lattice. Results from
annealing show loss of As-H centers between 180 and 250 K with an activation energy of 0.560.5 eV.
Characteristics for As-H center annealing are compared to those reported previously for atomic displacement
disorder in irradiated GaAs. Release of hydrogen from As-H bonds within thermally unstable damage regions
is suggested to explain the annealing loss of As-H centers. An increase in absorption by Ga-H centers upon loss
of As-H centers is attributed to retrapping of hydrogen on Ga neighbors ofVAs or on VAs-Asi pair defects.
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I. INTRODUCTION

Hydrogen can interact with defects in bulk material and
interfaces to passivate electronic states,1 and can introduce
vibrational states for hydrogen in the resulting centers1–3

Such hydrogen interactions are utilized for defect decora
in fundamental defect studies,1–3 and for passivation of de
fects in device structures.4 Infrared ~IR! absorption is a pri-
mary investigative tool for the detection of localized vibr
tional modes ~LVM’s ! that result from the bonding o
hydrogen at defects in semiconductor and dielec
materials.1–3 Dependence of a LVM frequency on the hydr
gen isotope can establish assignment of modes to hydro
and dependence on the atomic constituents of the host la
facilitates assignment of the bonding site for hydrog
within the lattice.

Unlike Si, where electron paramagnetic resonance~EPR!
provided definitive identification for many defects,5 EPR has
been less useful for defect identification in III-V compou
semiconductors. More reliance, therefore, is placed upon
absorption and other experimental techniques for de
characterization and identification in III-V compounds.1,3

Implantation of GaAs with hydrogen at room temperatu
produces a LVM for Ga—H bonds detected by IR
absorption.1,6–8It is widely accepted that these bonds form
As vacancy (VAs) or Frenkel pair (VAs-Asi) displacement
defects on the As sublattice.1,6–8 It is known from irradiation
damage studies on GaAs, however, that significant de
annealing can occur below room temperature9–12 so that the
Ga-H centers may not be the initial bonding site for hyd
gen. Relatively little use has been made of hydrogen inte
tions for decoration and characterization of defects that
unstable below room temperature in compound semicond
tors.

Described herein are results from an IR absorption st
on the formation and annealing of hydrogen-decorated
fects in GaAs created by hydrogen ion implantation at 80
Surprisingly, the initial bonding of hydrogen implanted in
GaAs at 80 K is found to occur primarily with As rather tha
Ga. The resultant As-H centers, however, are unstable
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removed by annealing below room temperature. We h
measured the kinetics and energetics for annealing of
As-H centers, and the characteristics for the As-H centers
compared to those for defect reordering below room te
perature in radiation-damaged GaAs.

II. EXPERIMENTAL DETAILS

A high resistivity 3-in.-diam̂ 100& Czochralski GaAs wa-
fer was polished on both sides to a thickness of 635mm and
diced into 0.6330.63-cm samples for the studies of defe
formation and trapping of hydrogen implanted into GaA
Samples were clamped with an interlayer indium foil to
copper cold finger of a liquid nitrogen refrigerant cryostat13

Implantations were performed at energies between 100
330 keV at 80 K. A gate valve and optical windows on
rotatable body of the cryostat allowed removal of the c
ostat from the ion implanter and insertion into the sam
chamber of a Nicolet 60SX Fourier transform infrare
~FTIR! spectrometer. The sample was maintained at the
plantation temperature during transfer of the cryostat fr
the implanter to the FTIR spectrometer. Spectra were
quired to have 4-cm21 resolution. Isochronal and isotherm
annealing was performed within the cryostat. A resistan
heater and heat exchanger positioned between the sa
and a liquid nitrogen reservoir in the cryostat is capable
producing a rapid increase in the sample temperature ('50
K/min! for temperatures between 80 and 200 K. The ra
increase occurs after an initial delay required to boil liqu
from the heat exchanger. Temperature at a set point
controlled to61 K with a Beckman 7200 series digital con
troller, which sensed the output from a chromel-constan
thermocouple fastened to the cold finger near the sampl

III. EXPERIMENTAL RESULTS

Absorption bands at 1834 and 2029 cm21 produced by
hydrogen-ion implantation of GaAs at 80 K are shown
Fig. 1. Spectra are plotted for successive implantations
ions at 330, 300, 250, 200, and 150 keV into both opti
3813 © 1997 The American Physical Society
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FIG. 1. Absorption bands at 2029 and 1834 cm21 for As-H and Ga-H centers in GaAs after hydrogen implantations and measurem
at 80 K. Spectra are arbitrarily displaced on the absorbance axis for presentation.
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faces of the sample. Doses at the different energies w
scaled to produce a nearly uniform concentration of hyd
gen in a'2-mm-thick layer buried 1mm below the surface
according to the TRIM-90 calculation program.14 For the
doses per face listed in Fig. 1, the corresponding aver
hydrogen concentrations in the buried layers are appr
mately 4.631018, 1.431019, and 2.631019 cm23. The
spectra show an increase of intensities for absorption ba
at 1834 and 2029 cm21 with an increase in hydrogen dos
Thus, the results are consistent with assignment of these
bands to stretch vibrational modes for hydrogen bonded
the host constituents. While additional weak bands appea
the spectra and increase with ion dose, the emphasis in
present work is on the formation and annealing of the t
major bands.

Plotted in Fig. 2 are spectra showing the effects of 20-m
isochronal annealing on the 2029- and 1834-cm21 bands for
temperatures between 80 and 300 K. Hydrogen had b
introduced into the GaAs by implantations at energies
250, 200, 150, and 100 keV to a total dose
2.531015 cm22 into each of the two optical faces. The r
sultant hydrogen concentrations is'1.731019 cm23 in 1.5-
mm thick layers buried about 0.7mm below the surface. The
spectra in Fig. 2 show that the intensity of the 2029-cm21

band remains nearly constant through 150 K, but decre
strongly in the 200-K annealing step. In contrast, the int
sity for the 1834-cm21 bandincreasesslowly upon anneal-
ing at 200, 250, and 300 K.

The 1834-cm21 band has been observed previously2,6–8

following hydrogen implantation at room temperature, and
has been assigned to a stretch vibrational mode for Ga—H
bonds.2,6–8The 2029 cm21 in hydrogen-implanted GaAs ha
been assigned to a stretch mode for As—H bonds.15 Assign-
ments for the Ga-H and As-H bands are firmly based u
frequency shifts produced by hydrogen isotope substitut
upon substitution of the group III and group V constituen
~e.g., InAs and InP substituted for the GaAs host15!, and
upon correspondence of the observed frequencies to thos
Ga—H and As—H bonds in solids. We will subsequently
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therefore, refer to the 1834- and 2029-cm21 bands as bands
for Ga-H and As-H centers, respectively.

Preferential formation of As-H centers under hydrog
implantation is apparent in the spectra of Fig. 2. In contra
the formation of Ga-H centers occurs predominantly dur
subsequent annealing when hydrogen that is released
As-H centers is available for retrapping. The maximum
tensity for the Ga-H absorption band is only one-half that
the initial As-H band. It is not known if this difference i
caused by a lower oscillator strength for Ga—H than for
As—H bonds, or if it is an indication of the hydrogen retra
ping efficiency.

FIG. 2. Isochronal annealing data between 80 and 300 K
As-H and Ga-H centers after implantation of 2.531015-cm22 hy-
drogen ions into each of two optical faces. Spectra are arbitra
displaced on absorbance axis for presentation.
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56 3815UNSTABLE DISPLACEMENT DEFECTS AND HYDROGEN . . .
The As-H band frequency and bandwidth as a function
the measurement temperature between 80 and 180 K
shown in Fig. 3. The measurements were made after seq
tial implantations of hydrogen ions at 330, 300, 250, 2
150, and 100 keV at 80 K to a dose of 1015 cm22 for each
energy into both optical faces. The maximum temperat
for the measurements was limited by an onset of annea
of the As-H band. An annealing step was performed at 17
before the measurements to stabilize the displacement d
age in the sample to this temperature. The band freque
and bandwidth at half maximum taken from the data of F
3 are plotted in Fig. 4 where the dashed line represen
decrease of 0.13 cm21/deg for the frequency. There is a com

FIG. 3. Effect of measurement temperature on the As-H abs
tion bandwidth and frequency. Spectra are arbitrarily displaced
the absorbance axis for presentation.

FIG. 4. Center frequency and bandwidth versus measurem
temperature for As-H absorption band in hydrogen-implan
GaAs.
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parable rate of increase in the bandwidth with temperatur
shown by the solid line. The changes in frequency and ba
width with temperature for the As-H band are in the dire
tion of, but larger in magnitude than, those for thermal
fects in an undamaged lattice.1

The same doses and ion energies listed in the prev
paragraph were used to produce a set of samples for iso
mal annealing experiments. The samples were annealed
10 min at 170 K before beginning isothermal annealing
180, 190, and 200 K. Isothermal annealing of the As-H ba
at 180 K is shown in the spectra of Fig. 5. These spec
indicate a continued loss of the As-H band intensity, and
increase in Ga-H band intensity for 450 min of annealing
180 K. Similar isothermal annealing data were also acqui
at 190 and 200 K.

Unannealed fractions for the As-H centers determin
from the peak intensities for the 2029-cm21 band measured
at 80 K for isothermal annealing at 180, 190, and 200 K
plotted in Fig. 6 versus the log of the annealing time. T
dashed line in Fig. 6 illustrates the time dependence for
exponential decay rate of a first-order process. The obse
decay in band intensity deviates sufficiently from an exp
nential so that the data cannot be appropriately analyze
obtain an activation energy from a plot of unannealed fr
tion versus annealing time. However, when the initial con
tions are the same for isothermally annealed samples, as
are in the present study, an activation energy can be de
mined by using a method of ‘‘cross cuts,’’16 independent of
the order for the process, as discussed in Appendix A. In
method, the time to achieve a given unannealed fractio
obtained for different isothermal annealing temperatures.
use a closely related method,17 which we call a method of

p-
n

nt
d

FIG. 5. Isothermal annealing data at 180 K for As-H and Ga
centers after implantation of 631015-cm22 hydrogen ions into each
of two optical faces. Spectra are arbitrarily displaced on the abs
ance axis for presentation.
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3816 56H. J. STEIN AND J. C. BARBOUR
‘‘time ratios’’ wherein the time on one isothermal anneali
curve is multiplied by an appropriate time ratio to superi
pose this curve onto that for another annealing temperat
Figure 7 shows the As-H band decay curves superimpo
on that for annealing at 180 K. The superposition was
tained by multiplying the annealing times at 190 and 200
by ‘‘time ratios’’ of 5 and 28, respectively.

Figure 8 shows theincreasein peak intensities for the
Ga-H band with isothermal annealing time at 180, 190, a
200 K. Figure 9 shows the superposition of these grow
curves using the same time ratios as those used for supe
sitioning the As-H decay curves. Although less satisfact
than the superposition for the As-H decay curves, the si
larity between the temperature-time dependence for the
of the As-H band and the growth of the Ga-H band is app
ent. A relationship between As-H loss and Ga-H growth
further illustrated in Fig. 10 by plotting the As-H band inte
sity versus that for the Ga-H band through the annea

FIG. 6. Unannealed fraction of absorption by As-H centers v
sus annealing time at 180, 190, and 200 K after hydrogen imp
tation at 80 K. Dashed line illustrates a first-order decay rate.

FIG. 7. Superposition of isothermal annealing curves of Fig
obtained by multiplying the 190- and 200-K data points by ‘‘tim
ratios’’ of 5 and 28, respectively.
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steps. Note, however, that the loss rate for the peak inten
for the As-H band is a factor of 6 greater than that for t
growth rate of the Ga-H band. In addition, the results p
sented in Fig. 2 show that the Ga-H band intensity contin
to increase after the As-H band is no longer detectable. T
a hydrogen atom liberated from an As—H bond may jump
several times or experience trap-limited mobility before
trapping to form a Ga—H bond.

An Arrhenius plot of the time ratios from the isotherm
annealing results for the As-H centers gives an activat
energy of 0.560.05 eV as shown in Fig. 11. Since the sam
time ratios as those applied to the As-H centers give a
sonably good superposition for Ga-H center formati
curves under isothermal annealing, the same activation
ergy is also assumed to apply for the growth of Ga-H cent

-
n-

6

FIG. 8. Unannealed fraction of absorption for Ga-H centers
annealing time at 180, 190, and 200 K after hydrogen implanta
at 80 K.

FIG. 9. Superposition of isothermal annealing curves of Fig
obtained by multiplying the 190- and 200-K data points by tim
ratios of 5 and 28, respectively.
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56 3817UNSTABLE DISPLACEMENT DEFECTS AND HYDROGEN . . .
IV. DISCUSSION

The experimental data clearly show chemical bonding
hydrogen to the As and Ga host constituents of GaAs follo
ing hydrogen implantation at 80 K. It is not clear, howev
how to explain the partitioning of hydrogen between As—H
and Ga—H bonds, or the thermal stability of the bond
Atomic displacements by hard-sphere collisions in the
plantation process are expected to occur nearly equally
the As and Ga sublattices14 during implantations since ther
is little difference between the atomic mass of Ga and
Bond energies for As—H and Ga—H are also nearly equiva
lent; bond dissociation energies for diatomic As—H and
Ga—H molecules are 62 and 67 kcal/mole, respectively.18,19

Furthermore, the observed predominance of As—H over
Ga—H bonds is contrary to theoretical findings,20 which pre-
dict that bond-centered hydrogen in GaAs will form a stro
ger bond with a lower electronegative Ga~3.28! neighbor
than with the As~3.9! neighbor in an undamaged lattice. T
seek an explanation for the observed results, therefore

FIG. 10. Loss of absorption by As-H centers at 180, 190, a
200 K vs that for growth of Ga-H centers in GaAs after hydrog
implantation at 80 K.

FIG. 11. Arrhenius plot of ‘‘time ratios’’ applied to superimpos
isothermal annealing curves for As-H centers.
f
-
,

-
n

.

-

e

turn our attention to the nature and thermal stability of d
placement defects produced by hydrogen implantation,
drogen interaction with displacement defects, and the th
mal stability of the defects.

It is known from other studies that hydrogen decora
displacement defects, and marks defects in annealing sta
In Si, for example, the annealing characteristics for an S
center produced by hydrogen implantation near 100 K w
shown to correlate21 with those for vacancies identified an
characterized in EPR studies.22 Previous studies on GaA
following hydrogen implantation at room temperature6–8

have shown that annealing of Ga-H centers correlates w
annealing of vacancy-interstitial pairs (VAs-Asi) or VAs de-
fects produced on the As sublattice. The As sublattice de
assignments were made in deep-level transient spectros
~DLTS! studies,23 and the Ga-H centers observed in infrar
absorption studies have been attributed to hydrogen bon
to Ga atom neighbors of displaced As atoms.8

We suggest that displacements on the Ga sublattice
multiple displacements in hydrogen implantation at 80
create strain conditions and defects favorable for the form
tion of As-H centers. The release of hydrogen from bonds
these centers is attributed to annealing of defects that cre
the conditions favorable for formation of As—H bonds.

It is known that displacement defects produced in GaAs
low temperature introduce higher strain and a larger lat
expansion than the defects that remain, or are produce
room temperature.9,12 The defects that anneal below roo
temperature also exhibit a higher threshold energy for d
placement than the defects that remain at ro
temperature.11,12Multiple displacements in a localized regio
have been suggested to explain the higher threshold en
and large lattice strain.11,12

Defects produced on the Ga sublattice are believed to p
an important role in defect annealing below roo
temperature,11 and Ga droplets have been reported near
surface of GaAs after exposure to a hydrogen plasm24

Thus, we have the possibility that interstitial Ga~Gai) pro-
duced in GaAs at 80 K is mobile so thatVGa-Gai pairs,
Gai , andVGa are not stable at room temperature. An arg
ment has been made that the Ga vacancy (VGa) defects are
generally not observed because they transform below ro
temperature into AsGaAs3-VAs complexes.25 Hydrogen, how-
ever, could possibly interact withVGa to produce a transfor-
mation to As3As-H complexes yielding an As—H bond.
Creighton18 found As—H bonds are formed on weak or dan
gling bonds of GaAs surfaces under low dose atomic hyd
gen exposure at 150 K. While formation rates are 4 to
times higher on an As-rich~100! surface, As—H bonds were
formed on Ga-rich as well as on As-rich surfaces.18 No ex-
planation was put forth, but the results are suggestive o
chemical preference for As—H over Ga—H when GaAs is
disordered by hydrogen ions at low temperature.

The absorption band characteristics for As-H centers
observe following hydrogen implantation at 80 K exhib
bandwidth characteristics that are similar to those repo
previously8 for the Ga-H absorption band produced by h
drogen implantation at room temperature. The bandwid
and measurement temperature dependence of the band
and frequency, for both As-H and Ga-H centers, are la
compared to those for hydrogen-related centers in as-gr

d
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3818 56H. J. STEIN AND J. C. BARBOUR
material.1 Pajot and co-workers1 noted that bandwidths fo
hydrogen-related complexes produced in compound se
conductors by hydrogen implantation can be two orders
magnitude larger than those in as-grown material, and
bandwidths increase further with increasing temperatu
Thus, the bandwidth and temperature dependence of
bandwidth and frequency for the As-H band observed in
present study are consistent with bonding of hydrogen i
displacement-damaged host lattice.

Annealing stages below room temperature have been
ported in a number of irradiation damage studies of Ga
Annealing stages in GaAs centered near 235 ad 280 K w
observed in electrical measurements by Stein10 and by
Thommen11 after electron irradiation ofn-type GaAs at 80
K. An annealing stage at 235 K was also reported to oc
after 60Co g-ray irradiation ofn-type GaAs at 77 K.26 Vook9

reported lattice parameter and thermal conductivity meas
ments that showed defect annealing in GaAs below ro
temperature following electron irradiation. The thermal co
ductivity data showed two overlapping annealing stages c
tered near 225 and 300 K.9 Recovery of thermal conductivity
upon annealing is consistent with a removal of high latt
strain detected in measurements of the lattice parameter

Pillukat and Ehrhart12 suggested displacements on the
sublattice to explain the annealing stages below room t
perature that they observed by changes in lattice param
and associated large strain fields in high-dose electron
diation of GaAs. According to the theoretical work o
Estreicher,20 hydrogen will be attracted to strained regions
a crystal where it can become trapped, often in a bound s
Correspondence of the annealing temperature for As-H c
ters with irradiation-produced defect annealing attributed
displacements on the Ga sublattice strengthens the sug
tion that the implanted hydrogen initially decorates displa
ment defects created on the Ga sublattice.

The activation energy of 0.560.05 eV we determined fo
the loss of As-H centers by applying a method of time rat
~see Appendix A! is lower than the 0.72 eV reported b
Thommen11(a) for the first-order annealing of electron irra
diation damage in GaAs near 235 K. Further, the activat
energy obtained here is similar to the range of binding en
gies ~0.4–1.0 eV! for dopant H complexes suggested
Pearton.11(b) The annealing temperature for the loss of t
As-H centers is also lower by;50 K than that for annealing
of electron damage. Hydrogen trapping in a strain envir
ment wherein hydrogen interacts chemically may allow
complex to relax toward a more favorable conformation a
thus reduce the temperature and activation energy for ann
ing of the defects.

While temperatures of'500 K are necessary to relea
hydrogen from damage traps in implanted profiles after
plantation at room temperature,27 stress-alignment studies o
Stavolaet al.28 on Be-H complexes in GaAs indicated th
hydrogen moves among the four bond-centered config
tions at 100 K with an activation energy of 0.37 eV. We inf
from these results that hydrogen released from As bond
temperatures>110 K will have sufficient mobility to reach
additional trap sites such as Ga bonds within the buried d
age layer to form Ga-H centers.
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V. SUMMARY AND CONCLUSIONS

An investigation of the LVM’s produced by hydrogen im
plantation into GaAs at 80 K has been performed to exam
hydrogen decoration of defects and their stability bel
room temperature. In contrast to the formation of Ga-H c
ters by hydrogen implantation at room temperature, As
centers are formed by hydrogen implantation at 80 K. T
apparent preferential formation of As—H bonds at 80 K is
believed to involve lattice strain and selective bonding
defects produced on the Ga sublattice that expose weak
dangling As bond sites. A strong dependence of the
quency and bandwidth for the As-H absorption band on m
surement temperature is in accord with disorder-rela
strain on the LVM of As—H bonds in GaAs. Annealing o
the As-H absorption band after hydrogen implantation at
K occurs below room temperature, and in the same rang
temperatures as those previously attributed to annealin
defects created on the Ga sublattice. An activation energ
0.560.05 eV for annealing of the As-H centers following io
implantation was determined by an isothermal method. T
activation energy is'0.2 eV lower than that associated wit
the annealing of Ga-related multiple displacement defects
ter electron irradiation. The reduction in activation ener
for the hydrogen implanted layer is attributed to structu
relaxation by the presence of As—H bonds within the
multiple-displacement defects.

Absorption by Ga-H centers increases as absorption
As-H centers decreases upon annealing, and it continue
increase after As-H absorption is no longer detectable.
conclude that hydrogen is released from As—H bonds upon
annealing of defects produced on the Ga sublattice, and
retrapped on near-neighbor Ga atoms of the remaining
sublattice defects (VAs-Asi or VGa) to produce the LVM for
Ga-H. For hydrogen implantation of GaAs at room tempe
ture, As-H centers and associated defects will be removed
annealing during implantation. Hence, only the LVM fo
Ga-H centers will be observed after implantations at ro
temperature.
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APPENDIX A

The time rate of change for the defect concentrat
(dn/dt) during isothermal annealing is described by the e
pression

dn/dt5K~T! f ~n!, ~A1!

whereK is a function of temperatureT, but not of concen-
tration n or time t.

Equation~A1! can be rewritten asdn/ f (n)5K(T)dt, and
for integration between the concentration limitsn0 andn,
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56 3819UNSTABLE DISPLACEMENT DEFECTS AND HYDROGEN . . .
E
n0

n

dn/ f ~n!5K~T!t. ~A2!

The left side of Eq.~A2! integrates to a constantC equal
to theK(T)t product for a fixed value ofn0 and any selected
value for n. Assuming the temperature dependence
K(T) is given by the Boltzmann factor exp(2Ea /kT), where
Ea is the activation energy for the annealing process andk is
Boltzmann’s constant,C5K8exp(2Ea /kT)t. Rewriting Eq.
~A2! as

C/t5K8exp~2Ea /kT!, ~A3!

which illustrates the relationship between time and tempe
ture for a selectedn limit, as described by Eq.~A2! and
assuming a single activation energyEa . In the method of
cross cuts,16 annealing times to reach a selectedn limit for
two different annealing temperatures are used to eval
Ea .

For a selectedn limit, the ratio of annealing times,t1 and
t2, to reach the limit for two different isothermal annealin
temperatures,T1 andT2, is given by

t2 /t15exp~Ea /kT12Ea /kT2!,
.
,

s

a,

,

r

a-

te

or

k ln~ t2 /t1!5Ea~1/T121/T2!, ~A4!

where the constantsC andK8 cancel in the ratio. Selection
of a different limit for n changes only the value of the con
stantC. Thus, Eq.~A4! applies for any selected value ofn so
that the difference in reciprocal temperatures is the sa
throughout two different annealing curves, and is related
the time ratio throughEa .

We used Eq.~A4! ~the method of time ratios! to obtain an
activation energyEa from isothermal annealing data plotte
as the unannealed fraction of As-H centers. For data plo
on a log time axis to display a wide range of decay tim
multiplying the time by a time ratio factor produces a tran
lation on the time axis to superposition decay curves fr
two different temperatures. The method of time ratios, the
fore, utilizes all of the isothermal annealing data points o
tained from the different isothermal temperatures to obtai
best fit for the shift in annealing time with annealing tem
perature.

It can be seen from an examination of Eq.~A4! that the
slope obtained from an Arrhenius plot ofk~ln of the time
ratios! against the reciprocal temperatures for differentT2,
when holdingT1 constant, will give a value forEa .
l.
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