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Intentional oxygen incorporation, using diethyl aluminum ethoxide@(C2H5!2AlOC2H5# during
metalorganic vapor phase epitaxy GaAs was found to compensate C and Zn shallow acceptors as
well as Si and Se shallow donors, due to the oxygen-related multiple deep levels within the GaAs
band gap. Deep level transient spectroscopy~DLTS! was used to characterize the energy levels
associated with these oxygen deep centers. The total measured trap concentration from DLTS can
account for the observed compensation inn-type GaAs:O. The total trap concentration inp-type
GaAs:O, however, was found to be lower than the observed compensation by a factor of;100.
These oxygen deep centers exhibit multiple electronic states which have been associated with the
local number of Al nearest neighbors and the microscopic structure of the defect. The concentration
and nature of these deep levels were not influenced by the chemical identity of the shallow dopants.
© 1996 American Institute of Physics.@S0021-8979~96!01524-1#
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I. INTRODUCTION

Metalorganic vapor phase epitaxy~MOVPE! is widely
used to grow high purity AlxGe12xAs and high quality
Al xGa12xAs/GaAs interfaces, both of which are important i
many optoelectronic and digital device structures. Th
growth of AlxGa12xAs, however, has always been difficul
due to the reactive nature of both the Al-bearing alkyls a
the AlxGa12xAs growth surface. The initial studies of
MOVPE AlxGa12xAs have often reported materials that ex
hibited a low photoluminescence~PL! efficiency and a re-
duced free electron concentration, when co-doped with sh
low donors.1,2 Both observations have been attributed to th
incorporation of oxygen that results in deep level cente
These defects or defect complexes are effective nonradia
recombination centers, reducing the PL efficiency, and c
compensate the shallow donors. Recently, Chenet al.3 re-
ported the deep level transient spectroscopy~DLTS! spec-
trum of a Zn doped Al0.2Ga0.8As layer, exhibiting five differ-
ent hole traps which were attributed to unintentional oxyg
incorporation. The tendency of the oxygen deep centers to
electrically and optically active in bothn- and p-type
Al xGa12xAs, however, is not presently understood.

Alkoxide contaminants in the metalorganic precurso
@such as trimethyl aluminum~TMAl ! and trimethyl gallium
~TMGa!# and trace levels of H2O and O2 in the process gases
are cited as sources of residual oxygen incorporation in
Al xGa12xAs.

4 In the latter case, it has been postulated th
the oxygen incorporation results from thein situ O2-TMAl
gas phase reaction forming volatile dimethyl aluminu
methoxide@~CH3!2AlOCH3 ~DMALO !#.5 This alkoxide then
acts as a gas phase oxygen source. In contrast, the intenti
oxygen introduction, by the addition of H2O or O2 to the
growth ambient during GaAs MOVPE growth, does not lea
to oxygen incorporation.2,6 The direct, independent introduc-
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tion of DMALO7,8 or diethyl aluminum ethoxide
@(C2H5!2AlOC2H5)~DEALO!#,9 however, has been demon
strated to result in controlled oxygen incorporation in GaA
The trace amounts of Al, derived from Al in these oxyge
precursors, on the growth surface or in the gas phase prov
active sites for oxygen incorporation. Oxygen is subs
quently incorporated into the growing crystal through th
formation of a strong Al–O bond leading to Al–O base
defects. These Al–O based defects in GaAs have be
shown to give rise to multiple deep levels within the GaA
band gap,7–10 and compensate shallow Si7,9 and Te8 donors.
It would be of great interest to examine if similar compen
sation, in intentionally oxygen-doped GaAs, occurs inp-type
materials. Such studies can provide a comparison with t
behavior of oxygen inp-type Al0.2Ga0.8As layers,3 and
should lead to a better understanding, in the electrical ch
acteristics, of this oxygen-doped MOVPE GaAs material.

Numerous efforts have been made to minimize the un
tentional oxygen incorporation in MOVPE AlxGa12xAs,
such as the removal of oxygen-containing impurities fro
the precursors11 and the carrier gas. A new approach ha
been recently reported to achieve a deep level free MOV
Al0.22Ga0.78As layer through the use of a low level of Se
doping~; 1 3 1017 cm23!.12,3The disappearance of oxygen
related deep level peaks in the DLTS spectra has been att
uted to the passivation of the oxygen deep centers throu
the formation of a Se–O containing defect complex. Th
mechanism of this passivation is not understood nor has t
effect of Se been widely confirmed. An equivalent study
presented here whereby the oxygen and Se concentratio
the GaAs are independently controlled.

This article presents a comparative study of the compe
sation of shallow acceptors and shallow donors in DEALO
doped GaAs grown by MOVPE. Specifically, C and Zn wer
used forp-type doping, and Si and Se forn-type doping. The
compensation, if it occurs, should be mainly attributed to th
Al–O based defects.10,8 Nevertheless, the possible interac
tions between oxygen and shallow dopants in the gas ph
or near the growth front cannot be excluded,a priori. While

San
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other dopant-oxygen complexes, such as the Zn–O comp
in GaP,13 have been observed, we have studied a variety
shallow dopants in order to provide direct evidence of a
possible oxygen-dopant interactions in our films.

II. EXPERIMENTAL PROCEDURES

All samples were grown in a conventional horizonta
low pressure~78 Torr! MOVPE reactor,9 using TMGa and
arsine ~AsH3!, on Si- or Zn-dopedn1 or p1 ~100! GaAs
substrates with a 2° miscut in@010# direction toward~110!
plane. Disilane (Si2H6), hydrogen selenide~H2Se!, dimethyl
zinc ~DMZn!, and carbon tetrachloride~CCl4! were em-
ployed for Si, Se, Zn, and C, doping, respectively, in th
form of dilute ~,25 ppm!, high pressure gas mixtures with
high purity hydrogen. DEALO was used for oxygen incor
poration in a standard bubbler configuration.9 The growth
temperature was 600 °C and the V/III ratio was 40 for a
samples. The growth rate was held constant at 0.05mm/min,
corresponding to a TMGa mole fraction of; 1.8 3 1024

within the reactor.
Electrical and physical characterizations were carried o

on multilayer samples that were grown using a growth s
quence in which the shallow dopant or oxygen precurs
mole fractions were varied in a stepwise fashion. A growt
property relationship can then be obtained from a sing
growth experiment by using secondary ion mass spectr
copy ~SIMS! and electrochemical capacitance–voltag
~EC–V! profiling analysis. The physical concentration dep
profiles of oxygen and aluminum, as well as the shallo
dopants, in these multilayer structures were obtained fro
SIMS. EC–V measurements rendered the net ionized imp
rity concentration (Nd 2 Na in n-type GaAs orNa 2 Nd in
p-type GaAs! depth profiles. Additional samples possessin
a single epitaxial layer were also grown for DLTS exper
ments. Au ~for n-type GaAs! or Al ~for p-type GaAs!
Schottky contacts, 500mm in diameter, were deposited using
a standard lithography and lift-off process. Convention
DLTS scans were performed using double boxc
correlators.10 The trap concentration,NT , was estimated by
the expression14

NT52~Nd2Na!
DC

C
f ~W!, ~1!

where

f ~W!5
1

SW2l

W D 22SWp2lp

W D 2 . ~2!

Nd 2 Na is determined by aC–V measurement on the
Schottky diode.C is the diode capacitance under the quie
cent reverse bias condition, andDC is the capacitance
change in the transient due to complete trap filling during t
pulse.DC/C must be less than 0.1 for Eq.~1! to hold.Wand
Wp in Eq. ~2! are junction depletion widths under revers
bias and during the pulse, respectively.W-l is the distance
from W where the deep level,ET , crosses the Fermi level,
EF . The terml has been shown to be14
6820 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 1. TheNd 2 Na in GaAs via Si doping using Si2H6 and via Se doping
using H2Se are shown as a function of Si2H6 and H2Se mole fractions in the
gas phase.~a! A linear relationship was observed for Si doping~D!. ~b! A
superlinear relationship~power law with an exponent of 1.7! was observed
for an early run when the flow path was not saturated with Se~j!. ~c! A
linear relationship was observed for a later run when the flow path w
saturated with Se~h!.
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l5A2ee0~EF2ET!

q2~Nd2Na!
, ~3!

whereq is the elementary charge,e is the static dielectric
constant of GaAs, ande0 is the free space permittivity. The
term f (W) in Eq. ~1! arises from the fact that not all volume
of the depletion layer contributes toDC. Appreciable error in
the determination of the trap concentration was found to o
cur by neglecting this edge region effect sincef (W) was
sometimes much greater than 1. All trap concentration r
sults presented here have been corrected for this effect. T
trap energies are unaffected by this correction.

III. RESULTS

A. Initial experiments

The controlled incorporation of the shallow dopants wa
established prior to the oxygen co-doping experiments. T
preferredn-type species in GaAs is Si due to its low diffu-
sion coefficient and low volatility. The linear relationship
betweenNd 2 Na in the GaAs and the Si2H6 mole fraction
was observed in theEC–V profiles, as shown in Fig. 1~a!.9

The use of H2Se has been shown to exhibit a ‘‘memor
effect,’’ which was attributed to H2Se adsorption onto the
internal walls of the growth system and its subsequent d
sorption after the nominal source shutoff.15 The resulting
free electron concentration was also found to have a sup
linear ~order ;1.5! relationship with respect to the H2Se
mole fraction in the gas phase.16 The dependence of
Nd2Na in GaAs on the H2Se mole fraction in our reactor is
shown in Fig. 1. An early calibration run@Fig. 1~b!# estab-
lished a 1.7-order relationship, similar to the reported valu
of 1.5.Nd 2 Na , however, was found to increase when usin
the same H2Se mole fraction in later runs, and the net carrie
concentration eventually leveled off at a particular value.
second calibration run, after the steady state doping e
Huang, Bray, and Kuech
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FIG. 2. TheNa 2 Nd in GaAs via Zn doping using DMZn and via C doping
using CCl4 are shown as a function of DMZn and CCl4 mole fractions in the
gas phase. A linear relationship is noted for both cases.
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ciency was reached, as shown in Fig. 1~c!, exhibited a close-
to-linear relationship. These observations could be attribu
to the saturation of adsorbed H2Se in the delivery pipeline
after a certain number of growth runs. In this article, all th
reported results associated with Se doping were taken fr
samples grown after the saturation was reached to ens
reproducibility.

Zn doping using DMZn is also reported to exhibit a
memory effect,17 similar to the case of H2Se. The measured
Na 2 Nd as a function of DMZn mole fraction was, however
found to be linear, as shown in Fig. 2, indicating no suc
memory effect in our reactor. The preferredp-type dopant,
however, isC, due to its low solid state diffusion coefficient
as well as the absence of any memory effect when us
CCl4.

17 A linearNa 2 Nd relationship on CCl4 mole fraction
relationship was noted, in Fig. 2, from a calibration samp
grown in our reactor.

B. DEALO-doped n-type GaAs

Si donors in GaAs are compensated by oxygen-rela
deep level centers.9 These results on Si and oxygen co-dope
samples have been presented, in part, elsewhere.9 Additional
data and the presentation of these results are given here
comparison to the new data on the Se, Zn, and C co-dop
experiments. The SIMS Si concentration in one of th
multilayer samples was found to be constant at 1.
3 1018 cm23, and the Si doping efficiency from Si2H6 was
not altered by the presence of DEALO. The compensatio
D(Nd2Na)5 (Nd2Na)no oxygen2 (Nd2Na)oxygen, isshown
in Fig. 3 as a function of the DEALO mole fraction. A
power-law dependence, with the compensation bei
approximately18

D~Nd2Na!}@DEALO#2, ~4!

is noted. The results from a similar sample, grown with
lower Si concentration at 2.733 1017 cm23, are also shown
in Fig. 3. An approximate second-order power-law depe
dence is also observed from that sample. It is noted that
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 3. The reduction ofNd 2 Na in GaAs as a function of DEALO mole
fraction at different background donor concentrations of Si or Se. The lea
squares fitting lines~see Ref. 18! are based on the data of the Si-dope
samples. The effect of background donor concentration levels on the co
pensation is noted, independent of the type of shallow donors.
ted

e
om
ure

,
h

,
ing

le

ted
d

as a
ing
e
32

n,

ng

a

n-
the

use of a greater amount of Si may appear to lead to a grea
D(Nd 2 Na) under the same DEALO concentration, as ind
cated by the two separate lines in Fig. 3. The limited data
Fig. 3, however, are not sufficient to verify the presence
this possible minor trend of compensation on Si concent
tion.

The Si2H6 mole fraction for each sample in Fig. 3 was
kept constant throughout the growth resulting in a consta
Si concentration. Additional samples were grown in whic
the concentration of DEALO remained constant while that
Si2H6 was varied during growth. Results from a typica
sample grown under this type of growth condition are show
in Fig. 4~a!, where DEALO was used for the growth of ma
terial only over the depth range of 1–2.9mm. A clear com-
pensation effect was noted over this region. The doping
ficiency of Si remains the same regardless of the presence
DEALO. The incorporation of O and Al from DEALO is
also not altered over the entire range of Si2H6 mole fractions
@Fig. 4~b!#. The sharp turn-on and turn-off profiles of Al and
O in Fig. 4~b! are also noted, indicating the absence of an
memory effect when DEALO is applied as an oxygen pr
cursor. The oxygen levels outside of these regions are li
ited by the SIMS resolution limits.

The defect structure responsible for the aforemention
compensation was investigated by using DLTS to determi
the underlying deep level electronic characteristics. Tw
single-layer GaAs:Si:O samples were grown, and the sam
specifications and their DLTS spectra are given in Figs. 5~a!
and 5~b!. Multiple deep levels are present in both sample
similar to the results we have previously reported using
p1-n homojunction diode.10 The deep level characteristics
of sample~a!, shown in Table I, were determined from Fig
5~a! and a standard Arrhenius plot.10,18 The total trap con-
centration,NT , of sample 5~a! can account for the observed
compensation within a factor of;3. Comparison of the total
NT of sample 5~a! with its total SIMS oxygen concentration
~; 1.531016 cm23!10 also indicates a close agreement. Th
approximate agreement, most probably within the combin
6821Huang, Bray, and Kuech

ct¬to¬AIP¬license¬or¬copyright,¬see¬http://jap.aip.org/jap/copyright.jsp



ry

-

nd to
FIG. 4. ~a! Profiles of SIMS Si andEC–V Nd 2 Na of a GaAs multilayer
sample. DEALO mole fraction is kept constant at 33 1026from ~f! to ~j!.
Si2H6 mole fraction for each layer is:~a! 1.23 1028, ~b! 1.93 1028, ~c!
2.53 1028, ~d! 3.83 1028, ~e! 5 3 1028, ~f! 5 3 1028, ~g! 3.83 1028, ~h!
2.53 1028, ~i!1.93 1028, ~j!1.23 1028, and~k!1.23 1028. ~b!Correspond-
ing profiles of SIMS Al and O.
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experimental uncertainty of our measurements, betwe
compensation, the totalNT ,as well as the SIMS oxygen con-
centration, supports the contention that oxygen-induce
acceptor-like deep levels are responsible for the compen
tion. Sample~b! has a more than one order of magnitud
increase in compensation (831017 cm23! as compared to
that of sample~a! (331016 cm23). This increase is reflected
by the;ten times increase in the DLTS peak heights. Whi
the general shape of spectrum~b! stays unchanged, when
compared to~a!, a shift of the major deep level energy pos
tions to lower emission energies is noted. The reasons
this shift are not presently clear.

A similar compensation effect, as in the case of Si, w
observed@Fig. 6~a!# when Se was used as the shallown-type
dopant. The Se incorporation, at a concentration
1.2331018 cm23, was not affected by the variation of
DEALO concentrations@Fig. 6~b!#. According to theEC–V
results of Fig. 6~a!, a;second-order power-law dependenc
of the compensation on the DEALO mole fraction, as give
by Eq. ~4!, is also noted in Fig. 3 for this Se-doped sampl
The results from a second similar sample grown with a low
Se concentration at 5.1431017 cm23 are also shown in Fig.
3. An additional sample, grown under a constant DEAL
mole fraction but varying the Se concentration, is given
6822 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 5. DLTS spectra of DEALO and Si2H6 or H2Se co-doped GaAs.
DEALO mole fractions are:~a! 1.531026, ~b! 531026, and ~c! 231026.
Si2H6 mole fractions are:~a! 531029 and~b! 531028. H2Se mole fraction
for ~c! is 2.531028. The termsD(Nd2Na) for samples a, b, and c are
331016, 831017, and 4.331017 cm23, respectively. Similar multiple deep
level structures are noted for all cases, and spectra peak heights are fou
be approximately proportional toD(Nd2Na). Measurement conditions are:
reverse bias21 V, pulse height 1 V, pulse width 1 ms for~a! and ~c!, and
0.1 ms for~b!, pulse period 500 ms, and rate window 11.63 s21.
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Fig. 7. The results obtained for both Si and Se are ve
similar, indicating that DEALO and Si2H6 or H2Se do not
appreciably interact to form dopant-oxygen defect com
plexes during the MOVPE GaAs growth.

The DLTS analysis on a GaAs:Se:O Au-Schottky diod
sample is shown in Fig. 5~c!. The amount of compensation in
thissample,D(Nd2Na); 4.33 1017 cm23, iscomparable to
that of sample~b! in Fig. 5, and is approximately equal to the
total NT calculated from the DLTS peak heights~Table I!.
The Arrhenius plots of its four peaks also give rise to ve
similar energy levels to sample~b! in Fig. 5, as compared to
those of sample~a!. The measured defect structure is there
fore very similar regardless of the use of Si or Se.

C. DEALO-doped p-type GaAs

The DEALO doping was found to lead to compensatio
in p-type GaAs, as indicated in Fig. 8 for a carbon and ox
gen co-doped multilayer GaAs sample. The carbon conce
tration for this sample, obtained from SIMS measuremen
is constant throughout at 2.931017 cm23 with step changes
in the oxygen concentrations. The carbon doping efficien
from CCl4 is therefore not altered by the presence o
DEALO. The measured electrical compensation from Fig.
is shown in Fig. 9 as a function of the DEALO mole fraction
A nonlinear power-law dependence of the electrical compe
sation on the DEALO mole fraction is again noted, as in th
case ofn-type GaAs. The results from a second simila
sample grown with a higher carbon concentration
9.7331017 cm23 are also shown in Fig. 9. These sample
Huang, Bray, and Kuech
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TABLE I. Deep level characteristics of GaAs:Si:O@sample~a! of Fig. 5# and GaAs:Se:O@sample~c! of Fig. 5#. Nd 2 Na were determined byC–V
measurement on Au Schottky diodes at room temperature. Trap cross section areass were obtained from intercepts of Arrhenius plots. The totalNT is noted
to be very close toD(Nd 2 Na). The high uncertainty in the cross section is a result of the limited data range.

Sample
Nd2Na

(31016 cm23)
D(Nd2Na)

(31016 cm23)
DET

~eV!
s

~310214 cm)
NT

~31016 cm23)
Total NT

(31016 cm23)

5~a! 6.5 3 0.30960.006 4.061.7 0.02 0.94
Si 0.53160.013 6.363.7 0.02

0.72860.012 9.863.8 0.42
0.98160.038 31633 0.48

5~c! 17 43 0.25160.007 0.1860.11 0.91 42.1
Se 0.52960.032 22635 0.56

0.68960.033 7.568.9 16.6
0.88060.035 24625 24.0
n
vel

eep

-

n

en
n
at
possess a two slope behavior over the investigated range
DEALO gas phase mole fractions. The origin of this chang
in slope is not understood at present.

The underlying deep level structure responsible fo
this p-type compensation, as measured by DLTS, is show
in Figs. 10~a! and 10~b! for two single-layer GaAs:C:O
samples. The DLTS spectra exhibit a multiple
level structure, similar to the reported spectrum o
Al0.2Ga0.8As:Zn:O.

3 All the peak heights in the spectra of
GaAs:C:O samples increase with the DEALO mole fractio
at a constant carbon concentration. Four separate deep le
FIG. 6. ~a! Profiles of SIMS O andEC–V Nd 2 Na of a GaAs multilayer
sample. H2Se mole fraction is kept constant at 3.831028 throughout.
DEALO mole fraction in each layer is~a! 0, ~b! 131026, ~c! 1.531026, ~d!
231026, ~e! 2.531026, ~f! 331026, and~g! 0. ~b! Corresponding profiles
of SIMS Se and Al.
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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peaks in these spectra are identified and analyzed. The d
level characteristics of sample~b! are tabulated in Table II.
In contrast to then-type case with the same DLTS measure
ment conditions, the totalNT for GaAs:C:O cannot account
for all the observed compensation, and is smaller tha
D(Na 2 Nd) by a factor of;100.

The zinc acceptors are also compensated due to oxyg
doping, as shown in Fig. 9, with very similar compensatio
results to the case of GaAs:C:O. This finding indicates th
FIG. 7. ~a! Profiles of SIMS Se andEC–V Nd 2 Na of a GaAs multilayer
sample. DEALO mole fraction is kept constant at 231026from ~e! to ~h!.
H2Se mole fraction for each layer is:~a! 1.331028, ~b! 2.531028, ~c!
3.831028, ~d! 531028, ~e! 531028, ~f! 3.831028, ~g! 2.531028, ~h!
1.331028, and ~i! 1.331028. ~b! Corresponding profiles of SIMS Al
and O.
6823Huang, Bray, and Kuech
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FIG. 8. The profiles of SIMS oxygen andEC–V Na 2 Nd of a GaAs
multilayer sample indicate that the reducedNa 2 Nd is directly correlated
with the enhanced oxygen incorporation at higher DEALO mole fraction
CCl4 mole fraction is kept constant at 43 1027 throughout. DEALO mole
fraction in each layer is~a! 0; ~b! 2 3 1026, ~c! 3 3 1026, ~d! 4 3 1026, and
~e! 0.
,
a

p-

m-

ti-
ion
the type of shallow acceptors does not affect the degree
compensation. The DLTS spectra of GaAs:Zn:O, illustrat
in Figs. 10~c! and 10~d!, exhibit similar multiple-level fea-
tures as in GaAs:C:O. Two additional peaks are resolved
Figs. 10~c! and 10~d!, along with all the deep level peaks o
GaAs:C:O with comparable peak heights. The deep lev
characteristics of the sample in Fig. 10~d! are summarized in
Table II. Again, the totalNT of GaAs:Zn:O in Table II can-
not account for all the observed compensation, smaller b
factor of;60 toD(Na 2 Nd), similar to the GaAs:C:O case.
The general features of the deep level structure inp-type
GaAs:O are therefore independent of the chemical charac
of the shallow acceptor.
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FIG. 9. The reduction ofNa 2 Nd as a function of DEALO mole fraction at
different background acceptor concentrations of C or Zn. The least-squa
fitting lines ~see Ref. 18! are based on the data of the C-doped samples. T
effect of background acceptor concentrations on compensation is noted
dependent of the type of shallow acceptors.
6824 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 10. DLTS spectral of DEALO and CCl4 or DMZn co-doped GaAs.
The spectra of~c! and~d! have been shifted by20.15 and20.3 pF, respec-
tively. DEALO mole fractions are:~a! and ~c!: 3 3 1026, ~b! and ~d!: 4
3 1026. CCl4 and DMZnmole fractions are 43 1027 and 23 1027, respec-
tively. The termsD(Na 2 Nd) for samples a, b, c, and d are 1.623 1017,
1.983 1017, 1.73 1017, and 2.23 1017 cm23based onEC–Vmeasurements.
Similar multiple deep level structures are noted for all cases. Measurem
conditions are: reverse bias -1V, pulse height 1 V, pulse width 1 ms, pu
period 500 ms, and rate window 4.65 s21.
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IV. DISCUSSION

In this study, the DEALO-doped GaAs epitaxial layers
co-doped with a wide variety of shallow dopants, exhibited
comparable amount of dopant compensation in bothn- and
p-type cases, as a similar concentration of DEALO was a
plied during the growth~Figs. 3 and 9!. DLTS measurements
on these materials have identified deep levels in bothn- and
p-type materials which are responsible for the observed co
pensation~Tables I and II!. In the case ofn-type GaAs, the
concentration of deep levels determined from DLTS quan
tatively agreed with the observed trap-induced compensat
levels. The measured total trap concentrations inp-type
GaAs:O was found to be lower than the observed compe
sation by a factor of;100. It is not unlikely that the pres-
ence of additional levels inp-type GaAs:O with very large
emission time constants, which are beyond our DLTS me
surement capability, could account for part of the discre
ancy. On the other hand, the unaccounted compensa
could also have resulted from the unsaturated hole trap c
ters inp-type GaAs:O under our DLTS pulsing conditions
An increase of the pulse duration from 1 ms~Fig. 10! to a
longer period of time space, beyond the range of our instr
mentation, could have better saturated the hole traps, lead
to an increased DLTS signal and higher inferred trap conce
tration. More studies are needed to resolve this issue.

The chemical identity of shallow donors/acceptors do
not appear to have a role in the amount of electrical compe
sation, as indicated in Figs. 3 and 9. Additionally, very sim
lar DLTS spectra were found on samples~b! and ~c! of Fig.
5, as well as samples~b! and ~d! of Fig. 10, indicating that
the type of shallow donors/acceptors does not affect the de
level characteristics. All the spectral features in Figs. 5 a
10 should therefore be dominated by the Al–O based cent
due to DEALO doping. The possible formation of such sp

res
he
, in-
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TABLE II. Deep level characteristics of GaAs:C:O@sample~b! of Fig. 10# and GaAs:Zn:O@sample~d! of Fig. 10#. Na 2 Nd were determined byC–V
measurement on Al Schottky diodes at room temperature. Trap cross section areass were obtained from intercepts of Arrhenius plots. The totalNT is noted
to be lower thanD(Na 2 Nd) by a factor of;100. The high uncertainty in the cross section is a result of the limited data range.

Sample
Na2Nd

~31016 cm23!
D(Na2Nd)

~31016 cm23)
DET

~eV!
s

~310214 cm2)
NT

~31014 cm23!
Total NT

~31014 cm23)

10~b! 5 24 0.41460.011 2.961.8 1.9 26
C 0.51460.013 0.0460.02 3.4

0.81860.024 1269 15
0.93060.060 6.8612 5.3

10~d! 4.3 25 0.29960.014 0.0760.06 12 39
Zn 0.37260.016 0.1460.13 3.7

0.49060.014 0.7160.46 6.4
0.55960.012 0.1260.05 3.9
0.82760.014 1567 9.2
0.98660.050 39658 3.8
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cies as Si–O or Se–O can therefore be ruled out as cont
uting to the observed deep level structure in this low A
composition AlxGe12xAs, or more accurately Al-doped
GaAs. Park and Skowronski8 have reported the DLTS spec
tra of GaAs:Te:O using DMALO as the oxygen precurso
Their DLTS spectra, obtained from two samples with com
pensation levels of 5.231016 and 731016 cm23, are quite
similar to the spectrum of sample~a! in Fig. 5 with a com-
pensation of 331016 cm23. The Te–O bond strength~93.4
kcal/mol! is weaker than that of Si–O~191 kcal/mol! and
Se–O~101 kcal/mol!,19 and thus no interactions between T
and O are expected or were found in that study.8

The SIMS results of Figs. 4, 6, and 7 also indicate th
the shallow donors and oxygen precursors do not inter
with each other in the gas phase or in the crystal, leading
the independent incorporation of Si~or Se! and O in GaAs.
Such gas phase interactions are unlikely due to the low c
centration of the reactants in the reactor ambient. It should
pointed out that the compensation effect as observed her
the Se and O co-doped GaAs is inconsistent with the rep
on the passivation effect of Se doping in AlxGa12xAs,

12

which has been attributed to the possible reduction of t
electrically active Al–O species due to the formation of th
electrically inactive Al–Se bond or a Al–O–Serelated com-
plex. The electrical deactivation of the oxygen-related d
fects, if it occurs, should give rise to a reduced compensat
in the presence of Se in our DEALO-doped GaAs, as co
pared to GaAs:Si:O in Figs. 3 and 4. The compensation
our GaAs:Se:O samples, shown in Figs. 3, 6, and 7, is, ho
ever, quite similar to GaAs:Si:O. In the discussion present
in the previous study of the Se doping of low oxygen conte
Al xGa12xAs

3 has suggested the formation of Se–Al bond
in preference to Al–O bonds, or Al–O–Secomplexes based
on bond strength arguments. Both mechanisms are sugge
to lead to electrically inactive oxygen in the crystal as o
posed to the removal of oxygen from the growth front. Give
the much stronger Al–O~122 kcal/mol! bond over that of
Al–Se ~80 kcal/mol!,19 such bond strength arguments ar
probably too simplistic to adequately describe these effec
Additionally, the oxygen-related deep levels in GaAs an
Al xGa12xAs appear to be very similar in nature to our wor
as well as others.2,7–10,20,21If such a Se-doping effect leading
to the improvement of the electrical and optical properti
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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Al xGa12xAs is substantiated, the microscopic mechanism
the impact of Se on these films is quite puzzling and deserv
further investigation.

The striking similarity, in the compensation behavio
and the multiple deep level structure, of oxygen deep cent
in bothp- andn-type GaAs suggests that these deep cent
can have a variety of charge states, capturing both electr
and holes. The distribution of charge states over the def
population depends on the Fermi level position, which is
turn governed by the intentional shallow impurity dopin
and the oxygen concentration. While the specific micr
scopic nature of the oxygen-related deep centers is not pr
ently understood, an analogy may be drawn from the ele
tronic states associated with the lattice vacancy in silic
(VSi).

22 An isolatedVSi gives rise to four dangling bonds,
each containing one electron which may occupy a lower e
ergy configuration by forming new covalent bonds with th
other neighboring atoms. The total defect energy may
lowered through a tetragonal Jahn–Teller distortion to ove
come the electron–electron repulsion.VSi hence can assume
a variety of charge states by gaining or losing electrons. T
presence of five charge states ofVSi , ranging from a double
donor to a double acceptor, have been experimenta
observed.22 In bulk-grown GaAs, the electrically active oxy-
gen defect is assumed to be an off-centered, substitutio
oxygen on an arsenic vacancy~VAs–O complex! consisting
of a ‘‘Ga-O molecule’’ and a Ga–Ga bridging bond.23 In
DEALO-doped GaAs, the Ga2O molecule could be replaced
by an AlxGa22xO species since the Al–O bonding is th
main driving force for oxygen incorporation, with Ga–Ga
Al–Ga, or Al–Al back bridging bonds. We have previousl
attributed the observed multiple deep level structure
DEALO-doped GaAs to the variation in the number of A
nearest-neighbors to oxygen.10 This identification is sup-
ported by the growth and incorporation behavior of oxyge
from DEALO into GaAs.24 The dangling bonds on the two
constituents of the back bridging bond could be quite rea
tive, forming states quite similar in origin to theVSi . As in
the case of theVSi , the Fermi level position determines the
charge distribution with these defect states.
6825Huang, Bray, and Kuech
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V. CONCLUSION

The intentional oxygen incorporation, using DEALO, in
MOVPE GaAs was found to compensate C and Zn shallo
acceptors as well as Si and Se shallow donors, due to
oxygen-related multiple deep levels within the GaAs ban
gap. DLTS was used to characterize these oxygen deep c
ters. No changes in compensation or the DLTS characte
tics were detected by varying the chemical identities of t
shallow dopants, and the possible interactions between th
shallow impurities and oxygen are not present. In particul
the recently inferred complex of Se and O in AlxGa12xAs,
leading to the lack of observed effects typically attributed
oxygen in these Se-doped materials, was not observed in
study. The total measured trap concentration from DLTS c
account for the observed compensation only inn-type
GaAs:O. The total trap concentration inp-type GaAs:O was
found to be lower than the observed compensation by a f
tor of ;100. These oxygen deep centers appear to be abl
possess at least two net charge states, positive~donors! or
negative~acceptors! in nature, that are both energetically fa
vorable. These multiple charge states could have contribut
in part, to the multiple deep level structure of GaAs:O.
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