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Erbium-doped GaAs layers were grown by metalorganic vapor phase epitaxy using two new 
sources, bis(i-propylcyclopentadienyl)cyclopentadienyl erbium and tris(t-butylcyclopentadienyl) 
erbium. Controlled Er doping in the range of 10” -10” cmW3 was achieved using a relatively low 
source temperature of 90 “C. The doping exhibits a second-order dependence on inlet source partial 
pressure, similar to behavior obtained with cyclopentadienyl Mg dopant sources. Equivalent 
amounts of oxygen and Er are present in “as-grown” films indicating that the majority of Er dopants 
probably exist as Er-G complexes in the material. Er3+ luminescence at 1.54 ,um was measured 
from the as-grown films, but ion implantation of additional oxygen decreases the emission intensity. 
Electrical compensation of n-type GaAs layers codoped with Er and Si is directly correlated to the 
Er concentration. The compensation is proposed to arise from deep centers associated with Er which 
are responsible for a broad emission band near 0.90 ,um present in the photoluminescence spectra 
of GaAs:Si, Er films. 

I. INTRODUCTION 

The doping of semiconductors with optically active rare 
earths can provide sharp, temperature independent lumines- 
cence arising from the internal f-shell transitions of ,the rare- 
earth ion which are screened from the host lattice. The rare- 
earth ion, Er3+, is of particular interest due to its radiative 
4f-electron intrashell transition, 4113,2+4115,2. This transi- 
tion emits photons with a wavelength of 1.54 pm, corre- 
sponding to a low loss transmission window of silica-based 
optical fibers. The incorporation of Er3+ in III-V semicon- 
ductors, such as GaAs, offers the potential of combining the 
atomic-like emission characteristics of Er3+ with the ability 
to activate the rare-earth transitions via electrical pumping of 
the host semiconductor. Er-doped GaAs optoelectronic de- 
vices, such as light emitting diodes and lasers, can therefore 
be envisioned for use in a variety of optical communication. 
applications. 

The development of Er-based devices hinges on the abil- 
ity to efficiently incorporate optically active Era+ ions into 
the host semiconductor material. A number of techniques 
have been used to dope Er in GaAs with varying degrees of 
success. The low solid solubility of Er in GaAs (-1017 
cm-s) limits the Er concentration that can be obtained in 
near-equilibrium growth by liquid phase epitaxy.‘~ High lev- 
els of Er have been achieved through ion implantation.’ The 
depth of the doped region, however, is limited to the very 
near-surface region using moderate implant energies due to 
the high Er mass. Molecular beam epitaxy (MBE)3 and me- 
talorganic vapor phase epitaxy (MOVPE),4 which are growth 
techniques far from equilibrium, have both been used suc- 
cessfully to obtain a wide range of Er concentrations in III-V 
semiconductors. MBE requires the use of elemental erbium 

which is highly reactive and difficult to purify. MOVPE, on 
the other hand, typically utilizes cyclopentadienyl (Cp) Er 
complexes to transport Er to the growth front. These Er 
sources offer the potential of increased purity and reduced 
reactivity during storage due to the stabilizing effect of the 
cyclopentadienyl ligands.’ 

One drawback to the use of Er cyclopentadienyl dopant 
sources is their low volatility. Most Er sources have a vapor 
pressure in the range of 0.1-1.0 Torr at 200 Yh For the case 
of Cp3Er, its low vapor pressure necessitates the use of ex- 
tremely high bubbler temperatures (-200 “C) and leads to 
unintentional impurity incorporation as well as difficulties in 
obtaining reproducible doping levels.7 Increased vapor pres- 
sures have been obtained by replacing a hydrogen on the Cp 
rings (CsHl) with a methyl or i-propyl group, similar to 
techniques used to modify the vapor pressure and melting 
point of Mg cyclopentadienyl compounds.8 The deposition 
of Er-doped GaAs layers by MOVPE has been demonstrated 
by a number of groups using (Cp)3Er,4 (methylCp)3ErY 
(i-propylCp)3Er,‘o and (n-butylCp)3Er11 sources. These stud- 
ies have focused primarily on evaluating the Er doping pro- 
cess through an examination of the optical properties of the 
material, Although the Er-related photoluminescence spectra 
have be,en reported to be very sensitive to MOVPE growth 
conditions,” the effect of growth conditions on the rate of Er 
incorporation from these cyclopentadienyl compounds has 
not been investigated in detail. 

In this study; we have synthesized two new sources with 
differing Cp alkyl ligand structures, (i-propylCp),CpEr 
[(C3H7C5H4>2(C5H,)Erl and (t-butylCp)3Er, 
[(C,H&,H,),Er]. These moderate vapor pressure sources12 
were used to obtain Er concentrations in the range of 
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10”-10’s cme3 at a relatively low Er bubbler temperature of 
90 “C. The effect of MOVPE growth conditions on Er dop- 
ing was investigated with an aini toward understanding the 
role of cyclopentadienyl-based chemistry in the doping pro- 
cess. Er and Mg cyclopentadienyl dopant sources exhibit 
similar incorporation behavior indicating that source chem- 
istry does strongly influence the doping efficiency in both 
cases. Er doping was found to introduce donor compensating 
deep level centers into GaAs layers codoped with Si. The 
impact of these centers on the electrical and optical proper- 
ties of the material is presented here. 

II. EXPERIMENTAL METHODS 

The (i-propylCp),CpEr was -prepared by reaction of 
NaCp with (i-propylCp)2ErCl [obtained from reaction of 
ErCl, with Na(i-propylcp)]. The (t-butylCpj,Er was pre- 
pared by the reaction of ErCl, with excess (t-butylCp)K. 
Both reactions were carried out in tetrahydrofuran solution 
and the products purified by vacuum sublimation (1O-4 Torr) 
at 130 and 150 “C, respectively. The compounds are waxy 
orange solids, melting near 90 “C. The composition of each 
compound was verified by elemental analysis. Although the 
vapor pressures of the two sources have not been precisely 
measured, the (i-propylCpj#ZpEr source is expected to have 
a higher vapor pressure due to its lower sublimation tempera- 
ture. Both compounds were used as liquids at a bubbler 
source temperature of 90 “C. 

Erbium-doped epitaxial GaAs films were grown .at 78 
Torr in a horizontal MOVPE reactor using frimethylgallium 
[(CH3)3Ga or TMGa] and ASH,. Palladium purified HZ was 
used as the carrier gas. The inlet mole fraction of TMGa was 
1.9X10d4 which corresponds to a GaAs growth rate of 
-0.05 pm/min. The growth temperature was varied over the 
range 600-750 “C and the V/III ratio (AsHJIMGa) was var- 
ied from 30 to 120. The Er source was heated to 90 “C and 
the lines downstream of the Er bubbler were heat&d to 
100 “C to prevent condensation of the dopant source. The 
mole fractihn of (i-propylCp)$pEr and (t-butylCp)3Er in 
the inlet gas was not precisely known, but was considered to 
be in the range of -1 X10-’ based on’ our estimated vapor 
pressure. l2 The Er gas phase mole. fraction wqs varied over 
one order of magnitude by changing the H, flow rate through 
the Er bubbler from 20 to 200 seem: Seveial of the GaAs:Br 
layers were codoped with Si using Si,H, to a Si’concentra- 
tion of 3.5 X 1017 cmm3 for use in subsiquent electrical char- 
acterization of the films. Multilayer samples were grown in 
which the growth temperature, V/III ratio, or Er precursor 
mole fraction were varied in a stepwise fashion every 0.5 pm 
of GaAs growth. .~ 

The incorporation of Er, as well’as Si and oxygen, was 
studied through the use of secondary ion mass spectrometry 
(SIMS) using Cs+ as the primary ion for Si and 0 detection 
and 0: for Er. Electrochemical capacitance profiling was 
used to measure the electron concentration in the GaAs films 
codoped with Si and Er. Lowtemperature (12.K) photolumi- 
nescence measurements were made using the 514 nm line of 
an Arf laser as the excitation source. The luminescence was 
dispersed with a 1 m monochromator and focused onto a 
cooled (77 K) Ge detector. Several of the Er-doped GaAs 

ITG. 1. The Er concentration in MOVPE GaAs films, [ErlOSA., doped using. 
the (t-butylCp)3Er and (i-propylCp)$pEr sources iicre&H supkrlinearl; 
with an increase in the Hz flow rate through the Er bubbler, where 
[Er]iaAs = X”,, and n 12. Xa, , the inlet mole fraction of the Er source, is 
proportional to the bubbler flow rate. 

films were implanted with additional oxygen in order to in- 
vestigate its effect on the EI?’ emission intensity. The films 
were implanted with Of using a dose of 2.5 X 1014/cm2 at an 
energy of 160 keV followed by a 7.0X1013/cm” dose at 60 
keV to give an 0 concentration of -1X lOI cmd3 at a depth 
of 1 pm. The Of implanted samples were proximity an- 
nealed at 800 “C for 30 s using rapid therma! annealing. The 
annealing conditions chosen were similar to those reported in 
a previous study of oxygen implantation in GaAs.13 

111. RESULTS 

A. Growth and doping study ._ 
Controlled Er doping of GaAs was achieved from both 

the (i-propylCp)2CpEr and (t-butylCpbEr sources using a 
constant Er bubbler temperature of 90 “C. The Er source 
mole fraction, growth temperature, and V/III ratio were var- 
ied independently in several of the growth runs in order to 
investigate the influence of MOVPE growth conditions on Er 
incorporation and to compare the two Er sources. The Er 
source mole fraction was varied, by changing the H, bubbler 
carrier gas flow rate, to establish a relationship between. the 
partial pressure of Er in the gas stream and the concentration 
of Er obtained in the solid film. The results of SIMS analysis. 
of the Er concentration of these samples, grown at 650 “C 
and a V/III ratio of 60, are shown in Fig. 1. .The 
(i-propylCpj,CpEr source results in an Er concentration that 
is. an order of magnitude greater than the (t-butylCp)3Er 
source, for a constant Er bubbler temperature. The Er con- 
centration, [Er],,, , follows a power-law dependence on the 
Er mole fraction, X,,, for both sources, where [Er]oaA5 
K X”, and nz2. SIMS depth profiles of the Er concentration 
of samples grown at a constant V/III ratio and Er mole frac- 
tion, with a varying growth temperature (600-750 “C), are 
shown in Fig. 2. The Er incorporation is independent of 
growth temperature for both sources over the temperature 
range investigated. The source of the dip in the Er level at 
the interface between the layers grown at 700 and 600 “C; 
associated with the temperature change in the reactor, has not 
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FIG. 2. SIMS depth profiles of the Er concentration in GaAs layers doped 
using the (t-butylCp),Er and (i-propylCp),CpEr sources show that the Er 
incorporation is independent of growth temperature over the range from 600 
to 750 ‘C. The layers were grown at a constant Er mole fraction and V/III 
ratio (60). The origin of the dip in the Er level at the interface of the layers 
grown at 700 and 600 “C is not known, but is suspected to be an artifact Of 
the growth or characterization method. 

been identified but is likely an artifact of the growth or char- 
acterization process. The effect of V/III ratio on Er doping is 
shown in Fig. 3 for films grown at 650 “C and a constant Er 
mole fraction; The Er concentration is not a function of the 
V/III ratio when the (i-propylCp)&pEr source is used, how: 
ever, use of the (t-butylCp),Er source results in a strong 
dependence on the V/III ratio. The Er concentration of the 
layers doped tvith the (t-butylCp)sEr source decreasesas the 
ASH, ‘concentration is raised and eventually drops below the 
SIMS detection limit when the V/III ratio is greater than 90. 

The concentration of 0 and Si in the Er-doped GaAs 
films was also measured and a representative SIMS depth 
profile is shown in Fig. 4. The Er concentration in this 
sample, also plotted in Fig. 1, was altered by varying the Hz 
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RG. 3. SIMS depth profiles of the Er concentration in GaAs liyers grown 
with varying AsHs to TMGa (V/III) ratios show a significant difference in 
the effect of the V/III ratio on Er incorporation between the two Er sources. 
The V/III ratio was changed by varying the ASH3 concentration and using a 
constant TMGa mole fraction, Er source mole fraction, and growth tempera- 
ture (650 “C). The Er doping is relatively insensitive to the V/III ratio when 
(i-propylCp),CpEr is used as the dopant source, but a strong dependence on 
the ASH, concentration is observed with (t-butylCp),Er. 

FIG. 4. Oxygen is incoiporated into the Er doped GaAs films at an amount 
equivalent to the Er concentration as skown by the SIMS depth profile of the 
0 and Er concentration in a layer grown with a varying flow rate of H2 
through the (i-propylCp)&pEr bubbler. This film was grown at 650 “C with 
a V/III ratio of 60. The layer was codoped with Si from Si,H, to maintain a 
constant Si level of -3.5X 1tQ7 cmP3. 

flow rate thro&h the (i-propylCp)&pEr bubbler. The Si in- 
corporation in all of the samples was found to follow previ- 
ously, reported trends.14 Oxygen is incorporated in the Er- 
doped filriis during growth at an amount equivalent to the Er 
concentration. The Er profile shown in Fig. 4 is offset by a 
factor of lo-“, otherwise the oxygen and Er data would es- 
sentially overlap. The oxygen content of undoped GaAs 
films grown in o& MOVPE system is well below the SIMS 
detection limit (-5X1016 cm-“) and significant oxygen in- 
corporation is only observed in layers doped with Er. 

B. Electrical characterization 

The GaAs:Er films were codoped with Si in order to 
study the electrical properties of the layers. The Er, Si, and 
electron concentration of a GaAs film doped using the 
(i-propylCp)$pEr source is shown in Fig. 5 as a function of 

1 

l Er 

Er Bubbler Flow Rate (seem) 

FIG. 5. Donor compensation is observed in GaAs layers codoped with Si 
and Er-as shown by-the decrease in the electron concentration of n-type 
layers as the amount of Er is increased. The Er and Si concentrations were 
measured using SIMS and electrochemical capacitance profiling was used to 
monitor the electron concentration. The GaAs:Er, Si film was grown at 
6.50 “C with a V/III ratio of 60 and the Hz flow rate through the Er bubbler, 
was used to vary the (i-propylCp),CpEr mole fraction during growth. 
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FIG. ‘i. The low-temperature (12 K) photoluminescence spectrum of a 
GaAs:Er film doped using (i-propylCp),CpEr contains characteristic Es+ 
emissions at 1.539 and 1.547 pm. The PL measurements were obtained with 
a 514 nm excitation source at a power level of lo-‘*W/m’. 

the Hz flow rate through the Er bubbler. The electron con- 
centration is generally equivalent to the Si concentration in 
GaAs films grown under these conditions15 and, in the ab- 
sence of electrically compensating centers, would be con- 
stant throughout the film and equal to the Si concentration 
(-3.5X 1Ol7 cmW3). The electrot! concentration, however, de- 
creases as the Er concentration is raised almost two orders of 
magnitude. Donor compensation was observed in GaAs:Er 
films doped using both the (t-butylCp),Er and (i-pro- 
pylCp)&pEr sources indicating that the compensating cen- 
ters originate from either a deep level associated with Er 
itself, or an impurity or defect arising from the Er doping 
process. The compensation is roughly equal to the Er con- 
centration at low levels, but saturates at -2X1017 cmW3 at 
higher Er levels (>3.5X1017 cmW3). 

C. Photoluminescence measurements 

A characteristic E?’ emission spectrum obtained from 
12 K photoluminescence (PL) measurements of a GaAs film 
doped with Si and Er using the (i-propylCp).&pEr source is 
shown in Fig. 6. The spectrum contains an intense peak cen- 
tered at 1.539 pm accompanied by a broader band at 1.547 
pm. The Er3+ emission was present in all of the Er-doped 
films investigated and the principal spectral features were 
similar regardless of the Er dopant source. The use of 
(t-butylCp)3Er, however, resulted in a lower Er3+ emission 
intensity than (i-propylCp)2CpEr, due to the lower Er con- 
centration of the’ (t-butylCp)3Er doped GaAs films. 

The effect of Si codoping on the 12 K PL spectra of 
GaAs:Er films is shown in Fig. 7 for layers grown under 
similar MOVPE conditions. The PL spectrum of a GaAs:Er 
film, shown in Fig. 7(a), contains only Er3+ related emissions 
near 1.54 pm. GaAs band edge and carbon acceptor transi- 
tions near 0.82 and 0.83 ,um, respectively, are present in the 
PL spectrum of a GaAs:Si(n = 2 X 10 ’ 6 cme3) layer, shown 
in Fig. 7(b). The spectrum of a GaAs:Er, Si layer, shown in 
Fig. 7(c), contains both GaAs band emission at 0.82 pm and 
E2’ peaks near 1.54 ,um as well as an intense emission band 

8 8 0 0 
Wavelength (nm) 

FIG. 7. The 12 K photoluminescence (PL) spectrum of a Ga&:Er film, 
.shown in (a), contains only E?+ related emissions near 1.54 pm: GaAs 
band edge and carbon acceptor related emissions at 0.82 and 0.83 pm are 
present in the PL spectrum of a GaAs:Si film shown in (b). The PL spectrum 
of a GaAs:Er, Si layer, shown in (c), containi GaAs band edge emission at 
0.82 pm and an intense band with peaks at 0.88 and 0.90 pm. The PL 
spectra were obtained using a 514 nm excitation source at a power level of 
lo-’ W/m’. 

with peaks at 0.88 and 0.90 pm. The 0.88 and 0.90 ,um 
recgmbinations are only observed in GaAs films codoped 
with both Er- and Si and are present in layers grpwn with 
both the (t-butylCp),Er and (i-propylCpj.&pEr sources. The 
E? emission appears to be generally less intense in 
GaAs:Er, Si films than in GaAs films doped only with Er. 

Oxygen was added to several of the GaAs:Er and 
GaAs:Er, Si films through Of ion implantation. The Er3+ 
emission spectrum of a 2.0 pm GaAs:Er layer doped using 
the (t-butylCp),Er source, before and after Of implantation, 
is shown in Fig. 8. The Of implant dose was adjusted to give 

1520 1540 1560 IF&---G 
Wavelength (nm) 

30 

FIG. 8. The addition of oxygen, through 0’ implantation, results in a de- 
crease in E?’ related emission as shown by a comparison of the 12 K PL 
spectrum of a GaAszEi film before and after O+ implantaiion. The as-grown 
GaAs:Er film was doped using the (t-butylCp),Er source and was grown at 
650 “C with a V/III ratio of 60. Ion implantation was used to obtain an 0 
concentration of -1X10” cmm3 which is an order of magnitude greater than 
the Er concentration in the layer. The O+ implanted films were proximity 
annealed at 800 “C for 30 s  to remove implantation damage. 
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an oxygen concentration of 1X lOi cmW3 in the material, 
which is an order of magnitude greater than the Er concen- 
tration. The addition of extra oxygen results in a significant 
decrease in the Era’ related luminescence. This reduction in 
E? emission was observed in all films implanted with oxy- 
gen. 

IV. DISCUSSION 

The development of an efficient and reliable Er dopant 
source for use in the MOVPE process requires an under- 
standing of the effect of growth conditions and source reac- 
tivity on dopant incorporation. A variety of cyclopentadienyl 
compounds with differing alkyl ligand substituents have 
been used for Er doping, and their usefulness has generally 
been evaluated based on their vapor pressure and Er incor- 
poration efficiency. Although the ligand structure strongly 
affects the compound volatility, the results of this study sug- 
gest that source chemistry plays a larger role in the Er doping 
process. The growth dependencies of Er doping are very 
similar to those obtained with cyclopentadienyl Mg dopant 
sources, indicating that these sources may follow similar 
routes in their surface or gas phase decomposition reactions. 

Er doping exhibits an approximate square-law depen- 
dence on the mole fraction of Er in the inlet gas stream using 
either (t-butylCp)sEr or (i-propylCpj,CpEr. A second order 
dependence on inlet mole fraction has also been reported in 
studies of Mg doping of GaAs from Cp,Mg’6-‘8 and 
(methylCp)&g’9 sources. Higher order doping dependencies 
can result when multiple dopant source molecules are in- 
volved in the rate-limiting step to dopant incorporation. The 
fact that a second-order dependence was obtained for both Er 
and Mg doping suggests that the cyclopentadienyl chemistry 
is responsible for this effect. Er doping is independent of 
growth temperature using either (t-butylCp),Er or 
(i-propylCp)aCpEr. Similar behavior has been reported for 
Er doping of GaAs and InP using Cp3Er and (methylCpbEr 
sources.4 Mg doping from (Cp)aMg is also temperature in- 
sensitive at low growth temperatures, but decreases rapidly 
with increasing temperature above -700 “Cl6 The tempera- 
ture dependence of Mg doping is due to the high elemental 
vapor pressure of Mg (12 Torr at 727 ‘C2’) which limits 
doping at high growth temperatures due to Mg desorption 
from the growth surface. This effect is not observed with Er 
due to its low vapor pressure (2.6X lo-’ Torr at 727 “C”), 
therefore, Er doping remains insensitive to temperature over 
the entire range of growth conditions. 

The (i-propyCp);CpEr and (t-butylCp)sEr sources have 
identical dependencies on growth temperature and inlet mole 
fraction, but significantly different dependencies on the V/III 
ratio. The Er concentration was independent of the V/III ratio 
with (I’-propylCp),CpEr, but dropped off dramatically with 
increasing -V/III using (t-butylCp)3Er. The nature of this 
strong dependence on AsHa concentration has not been con- 
clusively identified but a plausible explanation may be that 
prereaction of (t-butylCp),Er and ASH, is occurring up- 
stream of the susceptor which depletes the supply of Er to 
the growth surface. The exact nature of the interaction of 
these compounds with AsHa requires further investigation. 
These results, however, show that Er doping efficiency is 

dependent on the cyclopentadienyl ligand structure and can 
be increased by using sources such as (i-propylCp)aCpEr 
that do not exhibit a dependence on the ASH, concentration. 

Er doping is further complicated by the high reactivity of 
Er with oxygen bearing compounds. Undoped GaAs and 
AlGaAs layers grown in our MOVPE system typically con- 
tain lo&w or negligible levels of oxygen. Equivalent amounts 
of Er and oxygen, however, were measured in our Er-doped 
GaAs layers, indicating that the Er source efficiently getters 
oxygen from the growth environment incorporating it into 
the film. Possible sources of oxygen include contaminants in 
the Er source itself, or trace levels of water or oxygen within 
the growth system. The incorporation of oxygen in as-grown 
Er-doped GaAs grown by MOVPE was also reported by Ta- 
kahei and TaguchiT2 

The high oxygen content of our films suggests that the 
majority of Er dopants may be present as Er-0 complexes. 
The role of oxygen in Er-doped semiconductors is not, how- 
ever, clear at this point. Previous studies of Er-doped Si23*24 
and A&Ga, -xAs *33,24 report increased Er3’ luminescence 
intensity when oxygen is added to the material through ion 
implantation. The origin of this enhancement is not known, 
but has been suggested to arise in Si:Er from the formation 
of Er-0 complexes or precipitates= and in A1,Ga,-,As:Er 
from Al-0-Er complexes.r3 These Er-O-based complexes are 
thought to function as the primary 1.54 pm luminescence 
centers. Conflicting results have been reported for oxygen 
codoping of GaAs:Er layers. Oxygen implantation into 
GaAs:Er filmsi was found to reduce E?’ emission intensity, 
but increased intensity was recently reported for GaAs:Er 
layers grown by MOVPE in an oxygen-containing ambient.22 
Substantial amounts of oxygen are incorporated in our as- 
grown GaAs:Er layers, yet intense Er3+ PL emission is still 
obtained. A significant decrease in Er3+ luminescence oc- 
curs, however, when extra oxygen is added to our MOVPE 
grown GaAs:Er films through ion implantation and anneal- 
ing. The formation of Er-0 complexes during growth may be 

3i a key to increase Er luminescence efficiency in GaAs. The 
addition of oxygen to the MOVPE growth ambient provides 
ample opportunities for reaction with Er in the gas phase or 
on the growth surface. Er-0 formation via ion implantation, 
however, relies on diffusion and is strongly dependent on 
annealing conditions. Defects remaining as residual ion im- 
plantation damage after annealing also serve to reduce lumi- 
nescence efficiency. The formation and structure of Er-0 
complexes during MOVPE growth would be expected to 
vary depending on reactor or growth conditions. The im- 
provements in Er3’ luminescence reported to occur with de- 
creasing growth temperature and V/III ratio, in Er-doped 
GaAs layers grown by MOVPE,9 are likely due to increased 
Er-0 formation favored by such growth conditions. Analo-- 
gous behavior has been reported for oxygen incorporation in 
Al,Ga, -+s layers.“5 

Electrical measurements of n-type GaAs films codoped 
with Er and Si show the presence of donor compensating 
deep levels which originate from the Er doping process. 
Electrical compensation of shallow donors has also been ob- 
served in a previous study of Es doped III-V semi- 
conductors.26 The compensation ratio, r= (n,, nr--nsJ/[Er], 

J. Appl. Phys., Vol. 76, No. 3, 1 August 1994 Redwing et al. 1589 

Downloaded 09 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



is nearly unity at low Er doping levels in our GaAs:Si:Er. At 
higher Er concentrations, the compensation ratio is reduced, 
becoming r-0.01 at an Er concentration of 2X10” cm.-3. 
Er appears to be incorporating as a deep level impurity up to 
a concentration of -2X1017 cmm3, after which it is in an 
electrically inactive form under our limited range of growth 
conditions. The 12 K photoluminescence spectra 0feGaA.s 
films codoped with Er and Si provides further evidence of 
the presence of deep levels associated with Er doping. An 
intense emission band from 0.88 to 0.90 pm was observed in 
GaAs films codoped with both Si and Er. The peak energies 
at 1.377 eV (0.90 pm) and 1.409 eV (0.88 pm) are not found 
in MOVPE GaAs:Si. Si-related defect peaks have been re- 
ported for non-Er-doped GaAs at 1.22 eV, for a gallium 
vacancy-S& donor-acceptor complex,” or 1.484 eV, for Si 
acceptor emission.28 The 0.88 and 0.90 p peaks are also 
not present in the PL spectra of GaAs:Si layers grown under 
similar conditions, indicating that they are associated with 
the Er dopants: 

Deep levels associated with Er are believed to play an 
important role in rare-earth excitation, yet little is known 
about their origin or dependence on the growth process. It 
has been proposed that the excitation of Er in III-V semicon- 
ductors proceeds via the recombination of excitons bound to 
an Er-related hole or electron trap.29’30 The compensation of 
shallow donors observed in our GaAs:Er, Si layers suggests 
the presence of electron traps. Electron traps with activation 
energies of 0.65 and 0.67 eV have been measured in MBE- 
grown GaAs:Er using photocurrent induced transient 
spectroscopy.31 Hole traps have also been detected using 
deep level transient spectroscopy in Er ion-implanted 
GaAs.30 The microscopic nature of the deep center, however, 
has not been addressed. The results of this study suggest that 
a high concentration of Er-Q complexes exist in our 
MOVPE-grown GaAs:Er layers. The incorporation of Al-O 
species in MOVPE GaAs dpring growth has previously been 
shown to introduce deep levels which compensate shallow 

a donors3* and Er-0 introduced into GaAs might be expected 
to act in a similar manner. Er-0 complexes, therefore, may 
act as more efficient luminescence centers in GaAs due to an 
associated deep state. 

V. CONCLUSIONS 

The hicorporation of Er during the MOVPE growth of 
GaAs was investigated through a study of the effect of the Er 
cyclopentadienyl source and MOVPE growth conditions on 
the Er doping process. Controlled incorporation of optically 
active E?‘+ into GaAs was achieved using both 
(t-butylCp)3Er and (i-propylCp)&pEr sources at a relatively 
low Er bubbler temperature of 90 “C.-The (i-propylC$J2CpEr 
source results in an Er doping level an order of magnitude 
greater than is obtained with (t-butylCp)3Er. Er doping in- 
creases superlinearly with source mole fraction, and is insen- 
sitive to growth temperature due to the low elemental vapor 
pressure of Er and the low decomposition temperature of the 
Er source materials. This behavior is similar to that reported 
for cyclopentadienyl Mg dopants, indicating that cyclo- 
pentadienyl-based sources follow similar surface and gas 
phase decomposition pathways. 

The strong affinity of the rare-earth compounds to oxy- 
gen complicates the Er doping process with respect to the 
formation of optically active Er. Oxygen is incorporated i.r~ 
Er-doped GaAs films at an amount equivalent to the Er con- 
centration in our material, indicating that the majority of Er 
atoms likely exist as Er-0 complexes. Despite the high con- 
centration of oxygen in the films, intense E?’ PL emission is 
observed suggesting that the Er-0 complexes function as ef- 
ficient luminescent centers. The addition, of increased 
amounts of oxygen through ion implantation, howeve;, re- 
sults in a decrease in the E? luminescence, similar to pre- 
vious reports. 

Adecrease in the electron concentration was observed in 
GaAs films codoped with Si and Er, indicating the presence 
of deep level centers associated with Er doping. The 12 K 
photoluminescence spectra of GaAs:Er, Si films contain a 
broad emission band near 0.90 brn, providing further evi- 
dence of deep states. The same Er-0 complexes are sug- 
gested as a possible source of these compensating deep cen- 
ters. 
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