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Incorporation of optically active erbium into GaAs using the novel
precursor tris „3,5-di- tert -butylpyrazolato …bis „4-tert -butylpyridine …erbium
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We have investigated the use of an alternative erbium precursor, tris~3,5-di-tert-butyl-
pyrazolato!bis~4-tert-butylpyridine!erbium, to dope erbium into GaAs. The incorporated erbium
forms an optically active center identified as Er–2O. The GaAs:Er formed using this precursor
exhibits sharper and more intense optical emission, attributed to the Er–2O center, than that
previously found with cylcopentadienyl-based erbium sources. Codoping GaAs:Er with shallow
donors results in a quenching of the erbium-related luminescence, while codoping with shallow
acceptors results in no significant change in the spectrum. Mechanisms for the observed
luminescence-quenching behavior are discussed. Deep level transient spectroscopy performed on
silicon or selenium codoped GaAs:Er showed the presence of several electron traps in the upper half
of the band gap. The origins of these electron traps are considered. ©1999 American Institute of
Physics.@S0021-8979~99!10903-4#
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I. INTRODUCTION

Semiconductors doped with rare-earth impurities are
focus of scientific and technological interest. Rare-earth
electronic impurities incorporated into semiconducto
would allow the integration of optical and electronic comp
nents through the development of temperature invariant l
sources in the near infrared~IR! spectral range. The incorpo
ration of erbium into silicon has been investigated for su
optoelectronic applications.1,2 Compound semiconductor
have also been investigated as rare-earth ion hosts and
several advantages over silicon-based approaches tha
clude a reduction of the thermal quenching of the lumin
cent lifetime and intensity.3

Erbium has been incorporated into GaAs during crys
growth and through postgrowth processing. Molecular be
epitaxy~MBE!,4,5 ion implantation,6 and liquid phase epitaxy
~LPE!7 have been used to synthesize erbium-doped Ga
These methods rely on the use of elemental erbium, whic
difficult to maintain in a pure state due to its high reactivi
Metalorganic vapor phase epitaxy~MOVPE! can be used to
grow GaAs:Er, but it requires a metalorganic erbium sou
with sufficient vapor pressure.8 Chemical precursors for er
bium can offer advantages over elemental erbium since s
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sources can be purified and thus may have a reduced ris
source contamination. Several erbium compounds have b
previously investigated for use in MOVPE growth. Cycl
pentadienyl~Cp!-based erbium source have been most co
monly used due to their ease of synthesis and their simila
to bis-cyclopentadienyl magnesium.9,10 Cp-based sources ar
often employed as volatile precursors for transition met
and lanthanide elements. Cp-based erbium sources have
shown, however, to coincorporate carbon into the Ga
films11 that could alter the microscopic environment of t
erbium center.12 Sources based on amide ligand chemistr
have also been investigated, but these source compound
contain other potential impurities, such as silicon.13 Cointro-
duction of other unintentional impurities can result in t
formation of undesirable erbium complexes and produce
n- or p-type background. An erbium precursor that is free
such ‘‘unintentional’’ and undesired impurities is present
in this study. We have investigated the use
an alternative erbium precursor, tris~3,5-di-tert-butyl-
pyrazolato!bis~4-tert-butylpyridine!erbium, abbreviated
(t-Bu2Pz)3(4-t-BuPy!2Er, where Pz denotes a pyrazola
ligand and Py denotes a pyridine ligand that contains
direct Er–C or Er–Si bonds. In this article, a comprehens
study of the electrical and optical properties of GaAs film
doped with erbium using this new precursor is present
The effect of shallow impurities on the erbium-related lum
nescence is reported and several mechanisms for erb

-
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related luminescence quenching are discussed. The chan
the deep level structure of GaAs as erbium is added is
reported. The origin of these erbium-related deep level
considered.

II. EXPERIMENT

(t-Bu2Pz)3(4-t-BuPy!2Er is a solid source at room tem
perature with a melting point of 241 °C and a sublimati
point of 150 °C at 0.1 Torr. During sample growth, th
source bubbler was heated to approximately 90 °C w
downstream lines maintained at a higher te
perature to avoid source condensation. The synthesi
(t-Bu2Pz)3(4-t-BuPy!2Er has been described in deta
elsewhere.14

Samples of GaAs and GaAs:Er were grown in a horiz
tal MOVPE reactor at 78 Torr using hydrogen purified by
palladium cell as the carrier gas. Trimethylgallium~TMGa!
and AsH3 were used as the growth precursors. All growt
were carried out on~100! GaAs substrates misoriented 2
from ~100! toward~110!. The films doped with erbium were
observed to have a hazy appearance after growth, whe
the undoped GaAs had a specular surface. Several dop
were used forn- andp-type doping. Disilane~Si2H6), diluted
to 10 ppm in H2, and hydrogen selenide~H2Se), diluted to 30
ppm in H2, were used as the shallow donor sources. D
ethyl zinc ~DMZn!, diluted to 45 ppm in H2, was used for
p-type doping. This combination of shallow impurities~Si,
Se, and Zn! allowed us to determine the effect of mater
conductivity type on the erbium-related luminescence and
evaluate the possibility of complex formation that could
fect the erbium-related luminescence.

The incorporation of erbium from
(t-Bu2Pz)3(4-t-BuPy!2Er was controlled by altering the
flow rate of the source compound during growth. The s
cific dopant mole fraction could not be determined since
vapor pressure of this compound at the source tempera
used is not known. The amount of electrical compensa
related to the presence of erbium in the reactor during cry
growth was determined by electrochemical capacitan
voltage (EC–V) profiling. The effect of varying growth pa
rameters on the amount of compensation was evaluated
ing EC–V profiling of multilayer structures. In thes
experiments, the H2 flux through the erbium source bubble
was maintained at 200 sccm in a total reactor flow of
slpm. The film growth temperature was varied from 600
750 °C in a stepwise fashion during growth, while mainta
ing a constant anion-to-cation ratio~V/III !. The effect of the
V/III was studied by a similar growth structure. The V/I
ratio values of 30, 60, and 90 were used at a growth te
perature of 600 °C. The samples for the optical and electr
studies consisted of a single layer of GaAs, nominally 3mm
thick, grown on top of an undoped GaAs buffer on a Ga
substrate. Secondary ion mass spectroscopy~SIMS! mea-
surements were performed on selected samples in an att
to quantify the erbium and oxygen contents of the films. T
deep level structure was determined by deep level trans
spectroscopy~DLTS! and capacitance–voltage~C–V) mea-
surements on silicon or selenium codoped GaAs:Er samp
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Schottky diodes were fabricated for DLTS measurement
ing a Cr/Au~20/150 nm! multilayer. A backside ohmic con
tact was made to then-type substrate by using an alloye
AuGe ~12%!/Ni/Ti/Au ~80/20/20/80 nm! multilayer. The use
of a Schottky diode in the DLTS measurements limits t
range of detectable emission energies to about half of
band gap. DLTS measurements were not possible on
GaAs:Zn-based samples due to the large leakage curr
found in thep-type Schottky structures. For the photolum
nescence~PL! measurements, all samples were cooled to
K and the emission was excited by the 514 nm line of
argon ion laser. The signal was dispersed by a single gra
monochromator and detected with a liquid nitrogen coo
germanium detector. All samples were measured under
same conditions of temperature, excitation power den
and wavelength, instrument geometry, and resolution.

III. RESULTS

PL measurements of GaAs doped with only erbiu
yielded the spectrum shown in Fig. 1. The features mar
with arrows have previously been assigned to the Er–
center.15 The remaining lines are due to transitions fro
higher energy levels in the4I 13/2 manifold that are occupied
due to laser heating. Codoping with silicon or selenium lea
to quenching of the erbium-related luminescence, also sh
in Fig. 1. To further investigate the effect of shallow dono
on the luminescence, GaAs:Se:Er having an electron con
tration of only n;531014 cm23 was grown. The intensity
of the erbium-related luminescence is reduced, but not c
pletely quenched. Codoping with zinc, however, leads t

FIG. 1. Photoluminescence spectra taken at 12 K for GaAs doped only
erbium and codoped with zinc, selenium, and silicon. The PL intensit
decreased as the Fermi level approaches the conduction band. The ve
arrows mark peaks in the spectrum previously assigned to the Er–2O c
~after Ref. 28!. The additional lines are identified with other transitions fro
the 4I 13/2 manifold. The samples were grown at 600 °C with a V/III of 60
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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twofold increase in the magnitude of the erbium-related
minescence as is noted in Fig. 1 under identical measurem
conditions.

The electrical compensation,NNo Er2NEr , where N is
the carrier concentration, measured byEC–V in GaAs
samples doped with silicon, selenium, or zinc, with or wit
out erbium, is shown in Fig. 2 as a function of the H2 flow
rate through the erbium source bubbler~related to the erbium
mole fraction in the reactor!. This definition of compensation
is a direct measure of the loss of carriers due to the introd
tion of the erbium source into the reactor. In silicon-dop
GaAs:Er, the electrically active concentration appears to
slightly sublinear with the compensation saturating at h
H2 ~Er! flow rates. In zinc-doped GaAs:Er, a larger degree
compensation was observed for a similar erbium source fl
rate. The measured compensation, at a given erbium
rate, for n-type samples appears to be independent of
donor species within our measurement uncertainty. T
amount of compensation inp-type GaAs is almost one orde
of magnitude greater than that inn-type GaAs for the same
gas phase erbium concentration. SIMS could not detect m
surable amounts of erbium, indicating that the concentra
was below the SIMS detection limit, which was
31015 cm23. SIMS analysis indicated that the GaAs:E
samples possessed an oxygen content of 231017 cm23 in
the epilayer. The carbon present in the erbium-doped la

FIG. 2. Compensation of shallow donors and acceptors by erbium-re
levels as a function of H2 flow through the erbium source bubbler is note
by the difference in the carrier concentration between the Er-doped
non-Er doped samples at a constant concentration of shallow dopants
background shallow donor or acceptor concentration is kept constant
31017 cm23 for silicon. For selenium and zinc the background donor co
centration varied over the range of 531017– 3.531017 cm23 for selenium
and 831017– 231017 cm23 for zinc. A higher level of carrier compensa
tion was observed inp-type material. For all cases, the growth temperatu
were 600 °C and the V/III ratios were 60.
Downloaded 20 Dec 2006 to 128.104.198.71. Redistribution subject to AI
-
nt

-

c-
d
e

h
f
w
w
e
e

a-
n

rs

varied from 1.531017 to 731016 cm23 depending on the
specific growth conditions. The oxygen and carbon levels
the nonerbium-doped samples have previously been foun
be below SIMS detection limits of 731016 cm23 for oxygen
and 131016 for carbon. No oxygen-related DLTS peak
were found in then-type control samples that contained n
erbium.

The electrical compensation associated with the erb
incorporation, based onEC–V measurements, was reduce
at increased growth temperatures. The degree of elect
compensation decreases with an increased V/III ratio by
proximately a factor of 2 as the V/III increased from 30
90. Higher V/III ratios can lead to reduced unintentional c
bon incorporation and a slight increase in the concentra
of silicon donors from Si2H6. These factors make determina
tion of minor changes in compensation due to erbium-rela
effects difficult to separate from those associated w
changes in the growth temperature and V/III ratio.

DLTS measurements were taken in a 80–450 K te
perature range for the GaAs:Si:Er and GaAs:Se:Er sam
and their respective control samples were doped only w
shallow impurities. For GaAs:Si:Er four deep levels, labe
EA1 –EA4, were detected in the spectrum shown in F
3~a!. In GaAs:Si control sample trapsEB1 –EB3 were ob-
served. The Arrhenius plots for the levels detected are sh
in Fig. 3~b! and the trap energies, capture cross sections,
concentrations measured are tabulated in Table I. The c
centration of the trapEB1 in GaAs:Si is approximately hal
that of EA1 observed in GaAs:Si:Er, while the concentr
tions of EA2 andEB2 are roughly the same. The similarit

ed
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1

-

s

FIG. 3. ~a! DLTS spectra for GaAs:Si and GaAs:Si:Er.~b! Arrhenius plots
for the levels detected in GaAs:Si~3! and GaAs:Si:Er~j!. Only levelEA3
is directly attributed to erbium incorporation. LevelEA4 is attributed to the
AsGa ~EL2) ~after Ref. 17! defect whileEA1 andEA2 are believed to be
due to unidentified contamination in the erbium source.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp



v
un

se
i
io

i
e-
er

e
e
n
it
re
si

-

nt

rl
th

e

x-

are
pre-
n-

for
le,
nd

ttrib-
s
d in
eld
was
ias
the

he

of

he
ed

fo

fo

d

1828 J. Appl. Phys., Vol. 85, No. 3, 1 February 1999 Cederberg et al.
in emission energy and capture cross section ofEA1and
EB1 indicates a common, unidentified origin for these le
els. A level at 0.44 eV has been previously detected in
doped,n-type GaAs grown by MOVPE.16 Traps EA4 and
EB3 have similar emission energies and capture cross
tions, however, the concentration observed in GaAs:S
over four times that observed in GaAs:Si:Er. The emiss
energies and capture cross sections ofEA4 and EB3 are
very close to published data for theEL2 (AsGa) defect.17

The only level that is not observed in the control sample
EA3, which indicates this peak is directly or indirectly r
lated to the presence of erbium. For GaAs:Si:Er the temp
ture positions of peaksEA1, EA2, andEA4 were indepen-
dent of the amplitude and of the duration of the filling puls
The temperature position of levelEA3 was dependent on th
height of the filling pulse, indicating an electric field depe
dence for this trap. The variation in the emission rate w
electric field is shown in Fig. 4 for three different measu
ment temperatures. At constant temperature, the emis
rateen , follows the relationship:

en5en0 exp@aFPF1/2/kT#, ~1!

whereF is the electric field,en0 is the zero field emission
rate,k is the Boltzmann constant, andT is the absolute tem
perature. A Frenkel–Poole constant ofaFP52.7
31024 (eV2 cm/V)1/2 was determined for all measureme
temperatures. A constant value ofaFP at different tempera-
tures combined with an emission rate that varies linea
with the square root of the electric field strongly indicates
presence of Frenkel–Poole barrier reduction.18 The value of

TABLE I. Experimentally determined trap characteristics obtained
GaAs:Si and GaAs:Si:Er. The emission energy reported for levelEC1 rep-
resents zero-field energy.

Sample Trap

Activation
energy
~eV!

Capture cross
section

~cm2)31014

Trap
concentration

(cm23)310214

GaAs:Si EB1 0.4460.01 4.262.4 5.860.5
EB2 0.5360.02 26.5621.9 1.660.5
EB3 0.7560.02 1.660.8 17.160.5

GaAs:Si:Er EA1 0.4260.01 2.060.9 10.660.5
EA2 0.4960.01 4.362.3 1.560.5
EA3 0.7760.04 0.960.3 1.360.5
EA4 0.7660.03 1.860.3 3.960.5

TABLE II. Experimentally determined trap characteristics obtained
GaAs:Se and GaAs:Se:Er. The trap concentrations forHD1 could not be
determined because electronic saturation of this level was not observe
the testing conditions available.

Sample Trap

Activation
energy
~eV!

Capture cross
section

~cm2)31014

Trap
concentration

(cm23)310214

GaAs:Se HD1 0.6160.02 2.061.4 •••
ED2 0.7260.02 0.560.2 23065

GaAs:Se:Er EC1 0.4760.01 0.0960.02 2360.5
EC2 0.6960.01 0.560.2 2760.5
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aPF calculated from Fig. 4 is only slightly smaller than th
theoretical value for GaAs of 431024 (eV2 cm/V!1/2.19 A
zero field activation energy of 0.77 eV was obtained by e
trapolating the emission rate to zero field.

The DLTS spectra of GaAs:Se:Er, shown in Fig. 5~a!,
shows the presence of two levels,EC1 andEC2, in contrast
to GaAs:Se, which contained a high concentration ofED2
and an anomalous hole trapHD1. The parameters of the
levels detected in the GaAs:Se and GaAs:Se:Er samples
tabulated in Table II. The hole trap has been observed
viously in Al0.22Ga0.78As:Se and was attributed to Se conce
trations greater than 231017 cm23.20 Since the hole trap is
also present in the GaAs:Se:Er, the emission energies
EC1 and EC2, evaluated from the data, are questionab
making comparison of the levels observed in GaAs:Si:Er a
GaAs:Se:Er difficult. LevelsED2 and EC2 have similar
emission energies and capture cross sections and are a
uted toEL2.17 SinceEC1 appears only in GaAs:Se:Er, it i
attributed to the presence of erbium. The peaks detecte
GaAs:Se:Er also exhibit a dependence on the electric fi
applied to the sample. This effect cannot be evaluated as
done for the GaAs:Si:Er sample due to low reverse b
breakdown voltages. In both erbium codoped samples,
introduction of erbium reduces the magnitude of t
EL2-related peak. The reduction of theEL2-related peak in
both codoped samples indicates that there is interaction
erbium with excess arsenic in the crystal.

IV. DISCUSSION

In contrast to previous studies, the use of t
(t-Bu2Pz!3(4-t-BuPy!2Er source leads to greatly enhanc

r

r

for

FIG. 4. Effect of internal electric field on trapEA3. This trap exhibits
Frenkel–Poole barrier lowering as evidenced by the value ofaPF and the
linear dependence of ln(en ) on F1/2.
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erbium-related emission at;1.54mm over the conventiona
Cp–Er sources for similar growth conditions. The improv
emission characteristics also occur at a lower total erb
concentration in the present study indicating that this erb
source has improved efficacy over previous source c
pounds. In this study, the erbium incorporation leads t
variety of electrical and physical changes in GaAs. The s
face morphology roughens and there is an introduction
addition levels within the band gap of the material. The a
pearance of strong and systematic carrier compensatio
the GaAs:Er samples indicates that while the erbium conc
tration may be low, as indicated by the SIMS measurem
there is sufficient introduction of other impurities, notab
oxygen and carbon, to lead to appreciable compensatio
the intentional shallow dopants. In a previous study
GaAs:Er, the oxygen concentration follows the erbium co
centration and is of the same order of magnitude as the
bium concentration.10 The fact that the erbium concentratio
is much less than the oxygen or carbon concentrations
gest that the doping mechanism using the present erb
source is different from that of previously studied Cp-bas
sources. Under the temperature and V/III ratio conditio
used to synthesize samples for this study, the oxygen
carbon concentrations in GaAs grown without the incorpo
tion of erbium would be below the SIMS detection lim
This suggests that the oxygen and carbon levels observe
related to the presence of the erbium source compound
ing growth. The observed increase in compensation with
bium mole fraction in the reactor is most likely due to t
ancillary incorporation of oxygen and carbon, known to
present in our samples, or perhaps other unidentified im
rities. This observed compensation is related to introduc
of the erbium source into the reactor. Trends in the erbi
incorporation efficiency will therefore be assumed to follo
the trends in compensation, however the erbium concen
tion alone cannot account for the observed compensatio

The low erbium concentration incorporated into GaAs
a given H2 flow rate through the bubbler could be due
several issues. The greatest uncertainty in determining
erbium incorporation efficiency is the calculation of the p
cursor mole fraction in the gas phase. It is difficult to det
mine an exact value for the mole fraction of the precurso
the reactor ambient due to the uncertainty in estimates for
source vapor pressure. Given the similarity in sublimat
temperatures at pressures less than 0.1 Torr for
(t-Bu2Pz!3(4-t-BuPy!2Er and Cp-based sources, a reaso
able assumption is that the enthalpies of sublimation
similar. This assumption yields an estimate for the erbi
precursor mole fraction in the reactor with an upper limit
131026, which is comparable to values in previous stud
using Cp-based precursors. Based on these assumption
erbium incorporation efficiency is less than previously inv
tigated in Cp-based Er sources.10,11

Parasitic gas phase reactions in the hydrogen-rich rea
ambient could remove the erbium precursor before it can
incorporated into the growing crystal. The decrease in
bium incorporation at increased V/III ratios indicates t
presence of an arsine-related gas phase or surface reac
AsHx species~x51 – 3), known to exist in the MOVPE
Downloaded 20 Dec 2006 to 128.104.198.71. Redistribution subject to AI
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growth environment, could react readily with the erbium p
cursor to form reaction products that remove erbium fro
the gas phase. Similar strong effects of AsH3 partial pressure
were seen in the growth of GaAs:Er using certain substitu
Cp-erbium compounds.10 GaAs:Er growth studies using a
ternative arsenic sources, such ast-butylarsine or trimethy-
larsine, would help determine the specific effect of Asx

species on erbium incorporation. The observed compensa
is likely due to the incorporation of both unintentional ca
bon, as a shallow acceptor, and oxygen, as a midgap s
Oxygen is known to be coincorporated with erbium and c
bon has been reported to be incorporated when Cp-ba
erbium sources are used to dope GaAs.11 Higher growth tem-
peratures and V/III ratios within the reactor generally redu
both the rate of unintentional carbon and oxygen incorpo
tion, which would explain the reduced compensation o
served under these growth conditions.21

The (t-Bu2Pz!3(4-t-BuPy!2Er source leads to a cente
identified as Er–2O~Refs. 15 and 22! in the GaAs film under
our particular growth conditions. The erbium optical activit
attributed to this Er–2O center, was found to be higher co
pared to centers found in GaAs films prepared with ot
erbium precursors under similar conditions. The identific
tion of this single center does not exclude the presence
other optically active centers, which are not activated by
citation above the host crystal band gap.23 The high intensity
as well as the narrow line shape to the Er–2O PL emiss
found in these samples at a low concentration of Er, wh
compared to previous studies using Cp–Er compounds, i
cate that the Er–2O is preferentially formed when using t
source. Cp-based erbium sources introduce several imp

FIG. 5. ~a! DLTS spectra for GaAs:Se and GaAs:Se:Er.~b! Arrhenius plots
for the levels detected in GaAs:Se~3! and GaAs:Se:Er~j!. EC2 andED2
are attributed to the AsGa ~EL2! defect~after Ref. 17!. EC1is attributed to
erbium incorporation. The origin ofHD1 is not known, but it may be
related to selenium.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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centers leading to broad luminescence features, unless in
tional oxygen is added to the reactor during growth. In
present study, sufficient unintentional oxygen was presen
the growth ambient to be coincorporated with the erbiu
This unintentional oxygen in the present study may co
from several sources. H2O and tetrahydrofuran may be con
taminants introduced into the erbium source during sou
synthesis. Both molecules, however, would react with py
zolato ligands to produce a compound which is much l
volatile than (t-Bu2Pz!3(4-t-BuPy!2Er.24 The most likely
sources of oxygen are therefore residual contaminants in
source gases or H2O adsorbed on the inner reactor wa
during sample loading. Metalorganic source materials, s
as TMGa, can have trace amounts of metal alkoxides
lead to oxygen incorporation.25

The addition of shallow impurities to GaAs:Er has
strong influence on the 1.54mm luminescence as reported
Fig. 1. Quenching of the erbium-related luminescence
shallow donors has previously been reported for mate
grown by MBE. In that case, the quenching was attributed
the formation of Er–Si moieties.4 Based on this presen
study, such complex formation is unlikely since both Se a
Si codoping results in the same quenching behavior. Si
Se reside on different sublattices and should result in
formation of very different defect complexes. We belie
that such erbium–donor complexes do not, therefore, pla
role in the quenching behavior seen in our samples.

The quenching of the erbium-related luminescence
be due to the presence of alternative pathways for ene
transfer that compete with the pathway leading to exci
erbium ions and subsequent emission. An existing mode
the excitation of the erbium center involves the formation
a bound exciton on the Er31 ion that recombines to create a
excited Er31 ion.12 A high electron and hole concentratio
would reduce the radiative lifetime for competing band-
band recombination. Such rapid band-to-band recombina
would decrease the erbium-related emission in bothn- and
p-type samples. The quenching of erbium-related emissio
n-type material, but notp-type material, does not support th
mechanism as the sole competing recombination pathw
Auger energy transfer involving the erbium-bound exciton
the excited Er31 ion and a band-state electron can also le
to a decrease in erbium-related emission.26 An increased
electron concentration would lead to an increase in nonr
ative Auger recombination. The Auger recombination r
for n-type GaAs:Er is known to be much higher than the r
for p-type GaAs:Er.27 This quenching mechanism has be
investigated for the samples in this study with results in
cating that this effect is dominated by dissociation of t
bound exciton and by promotion of a free electron into
conduction band.28

Other defect complexes could also form in competiti
with the formation of the Er–2O center and lead to a cha
in the erbium-related emission. Erbium can occupy a d
placed tetrahedral interstitial position in GaAs.29 Ytterbium
in GaAs also occupies a nonsubstitutional site forming
electron trap with an energy of 0.5–0.7 eV below the co
duction band.30 Seghieret al. performed photoinduced cur
rent transient spectroscopy~PICTS! on GaAs doped with
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erbium or ytterbium. Both elements introduced deep level
0.67 and 0.65 eV below the conduction band, respectivel31

These reports lead us to assign theEA3 level detected in
GaAs:Si:Er as due to nonsubstitutional erbium. The diff
ence between the energy determined in this article and
values from the literature cited can be attributed to the e
tric field dependence associated with this trap.

V. CONCLUSIONS

We have investigated a new source, tris~3,5-di-t-
butylpyrazolato!bis~4-t-butylpyridine!erbium, for the incor-
poration of erbium into GaAs. Erbium is believed to inco
porate in the form of an Er–2O center, as evidenced by
sharp luminescence spectrum characteristic of this spe
defect. GaAs doped using the (t-Bu2Pz!3(4-t-BuPy!2Er
source leads to sharper and more intense emission at;1.54
mm than samples doped to even higher erbium concen
tions using the Cp-based erbium sources. There is a dram
effect of the sample carrier type on this erbium-related lum
nescence. The dependence of the erbium-related lumi
cence on the carrier type is proposed to be due to fr
electron enhanced Auger recombination. DLTS perform
on GaAs:Si:Er and GaAs:Se:Er showed several deep le
in the upper half of the conduction band. One of these sta
was identified as being related to the incorporation of erbi
into GaAs. This defect is proposed to be erbium occupyin
nonsubstitutional lattice site.
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