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We have investigated donor levels and the local structure ofDX centers in Si-doped AlxGa0.512xIn0.49P
grown by gas-source molecular-beam epitaxy. In a ternary alloy Ga0.51In0.49P, Si donors form only shallow
donor states. In contrast, in quaternary alloys withx>0.25 a deep electron trapping center is observed. Hall
measurements reveal an activated behavior of the mobile electron concentration, and the thermal binding
energy of the dominant donor state is;0.1 eV when the Al fraction isx50.25. Illumination with infrared or
red light results in persistent photoconductivity atT<120 K. The appearance of theDX level in the band gap
aroundx'0.1 gives a consistent picture of the experimental findings. Positron annihilation spectroscopy shows
that the SiDX center is a vacancylike defect with a local structure equivalent to that found earlier in
Al xGa12xAs. The very different core shell structures of the group-III~Ga, In! and group-V~P! atoms give
direct evidence that the vacancy has P atoms as its nearest neighbors and we identify it as a vacancy in the
group-III sublattice. The structural data give support to the vacancy-interstitial model, which predicts that the
donor impurities can take two different configurations insp-bonded semiconductors.

I. INTRODUCTION

Quaternary~Al,Ga,In!P semiconductor alloys have re-
cently received a lot of interest as materials for visible opto-
electronic devices. AlxGa0.512xIn 0.49P alloys provide the
largest direct band gap of all III-V semiconductor systems
which can be grown lattice matched to GaAs. High-power
laser diodes based on these materials have been demon-
strated in the visible region at 630–700-nm wavelengths.1,2

It has become clear that group-IV and -VI donors have
unusual properties in manyn-type III-V alloys and
compounds.3,4 Besides the ordinary effective-mass states,
relatively deep~thermal ionization energy;0.1 eV! electron
levels are observed, and there is strong evidence that they
correspond to isolated donor impurities. This center is desig-
nated as aDX center.5,6 The occupation of theDX level
reduces the number of electrons in the conduction band, and
limits the conductivity of ann-type material. It also causes
some serious problems in field-effect transistors fabricated
with n-type AlxGa12xAs as electron trapping at theDX cen-
ter results, e.g., in persistent or transient shifts of the thresh-
old voltage.7–9

In the AlxGa12xAs system in which the DX center has
been most thoroughly investigated, a deep level appears in
the band gap when the conduction-band edge is shifted up-
wards either due to Al alloying or application of hydrostatic
pressure.3,4 There is no simple way to predict for which im-

purity atoms and host crystals the metastable states are rel-
evant. It appears, however, that the position of the
conduction-band minimum is an important factor in deter-
mining whether the deep electron level is in the band gap. In
Al xGa0.512xIn 0.49P the direct band gap increases from 1.9
eV in the ternary alloy Ga0.5In 0.49P to approximately 2.3 eV
at the crossover from the direct to indirect band gap at
x'0.33.10 From this point of view it is not surprising that
the formation ofDX-like centers has been observed in
n-type AlxGa0.512xIn 0.49P whenx.0.1.11,12

TheDX center has some very unusual properties not ex-
pected from an effective-mass donor. They include a large
energy barrier for the capture of an electron, resulting in
nonequilibrium occupation of electron levels at low tempera-
tures. Optical ionization of theDX center leads to the per-
sistent photoconductivity with electrons remaining in the
conduction band, or to the capture of electrons at the shallow
donor states. Further, the optical ionization energy of the
DX center (;1 eV! is much larger than its thermal ioniza-
tion energy. These properties have been advanced as an in-
dication of the dominant role of lattice relaxation effects on
the electron capture and emission.3,4,6 The same conclusion
was reached by Chadi and Chang13 from self-consistent
pseudopotential total-energy calculations. They find that do-
nors can exist in two different configurations. One is the
simple substitutional donor which gives rise to the effective-
mass states. The other is characterized by a large displace-
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ment of the column-IV donor atom along the^111& direction.
To take Si as an example, the distorted geometry can be
viewed as a vacancy-Si-interstitial pair at a threefold-
coordinated site. This state is highly localized and negatively
charged. The bonding is largelysp2 like, and it was sug-
gested that the metastability of point defects is an intrinsic
property ofsp-bonded semiconductors.13,14

It has become increasingly evident that the vacancy-
interstitial model accounts for the electrical and optical prop-
erties of theDX center. The same basic mechanism has been
used to explain the metastability of theEL2 center in
GaAs.15,16 The existence ofDX-like centers was also pre-
dicted in some II-VI compounds.17Although evidence of the
generality of metastable states associated with impurities
which normally give rise to effective-mass states has accu-
mulated, there is very little direct structural data about the
DX center to finally confirm its origin.

The aim of this paper is to study the effects of alloy com-
position and doping on the states of the Si donors in
Al xGa0.512xIn 0.49P grown by gas-source molecular-beam ep-
itaxy. A particular aim is to broaden the scope of the previous
studies of theDX center18,19 to obtain further information
about its local structure. For that purpose we have combined
photo-Hall measurements, secondary-ion-mass spectrometry
~SIMS!, and positron annihilation experiments.

The findings of this work can be summarized as follows.
In the ternary alloy Ga0.51In 0.49P the free-electron concentra-
tion follows the number of Si dopants up to a very high
donor concentration of 331019 cm23. In quaternary alloys
with x>0.25 the maximum free-electron concentration at-
tained was approximately 1018 cm23. Hall measurements
reveal a large thermal ionization energy of the donors~50–
100 meV!. Persistent photoconductivity is observed at low
temperatures. These properties lead us to conclude that Si
atoms formDX centers inn-type AlxGa0.512xIn 0.49P. The
local structure of theDX center determined by positron an-
nihilation spectroscopy is equivalent to that found earlier in
Al xGa12xAs. In particular, we find that when the deep level
is filled, the Si-DX center is a vacancylike defect. The dif-
ferent core shell structures of the group-III~Ga, In! and -V
~P! atoms suggest a direct identification of the vacancy. We
find clear evidence that the vacancy is in the group-III sub-
lattice. These structural data give support to the theoretical
vacancy-interstitial model.13,14

II. EXPERIMENTAL DETAILS

A. Layers grown by gas-source molecular-beam epitaxy

Al xGa0.512xIn 0.49 P quaternary (x'0.25 and 0.36! and
ternary (x50 and 0.51! alloys were grown lattice matched
on GaAs~001! substrates by gas-source molecular-beam epi-
taxy ~GSMBE!. The GSMBE chamber is a part of a dual
reactor chamber V80H built by VG Semicon. In this
system20 group-V materials~As2 and P2) were obtained by a
thermal decomposing of the corresponding hydride gases in
a high-pressure cracking cell at 950°C, while the group-III
~Al, Ga, and In! and dopant material~Si and Be! beams were
generated from conventional solid source effusion cells. A
calibrated ion gauge was used to determine the Ga and In
fluxes. The group-V beams were controlled by adjusting the
hydride pressures in the high-pressure regions of the gas

sources. The substrates (16316 mm2 in size! were attached
to the sample holder without indium solder, and were heated
by direct thermal radiation. A narrow-band infrared pyrom-
eter was used to measure the substrate temperature. Pre-
growth heat treatment of the substrates was performed under
As2 pressure at 600–610°C. The substrate temperature was
kept near 520–525°C during the growth of the
Ga0.51In0.49P and the quaternary layers, while the
A0.51In0.49P films were grown near 490°C.

A series of both 1- and 2-mm-thick layers were grown
with different Si and Be doping concentrations, and also
without intentional doping. The nominal Si concentrations
from 831017 to 331019 cm23 were obtained by adjusting
the Si cell temperatureTSi according to the carrier
concentration-vs-TSi data calibrated for GaAs, in which prac-
tically all Si atoms are known to be active at the concentra-
tions used. The lattice constants were determined by measur-
ing x-ray-diffraction rocking curves with a Bede Scientific
Instruments Model 150 diffractometer using CuKa radiation
and ~004! reflection.

B. Experimental techniques

SIMS analyses were made using a double-focusing mag-
netic sector spectrometer~VG Ionex IX70S!.21 The samples
were bombarded with 10-keV Cs1 ions at a 21° angle of
incidence. The ion current was typically 50 nA during the
depth profiling, and the primary ion beam was raster scanned
over an area of 3403370 mm2. Crater wall effects were
avoided by using a 10% electronic gate. The pressure inside
the analysis chamber was typically 1027 Pa during the mea-
surements. The Si concentration was determined by using
ion-implanted reference samples. 80-keV28Si ions, the total
fluence of which was 131015 cm22, were implanted into
Al xGa0.512xIn 0.49P layers withx50, 0.36, and 0.51. The
SIMS instrument was calibrated by extracting the relative
sensitivity factor~RSF! from the analyses of the reference
samples.22

The Hall measurements were conducted in a commercial
He cryostat from Oxford Instruments. The cryostat had a
variable temperature insert inside a 10-T superconducting
magnet. The insert had a top-loading capability, and its tem-
perature range could be extended from 4 K all the way to
320 K.

The longitudinal resistancerxx and the Hall resistance
rxy were measured with a sensitive lock-in technique using a
low excitation current of a few microamperes at 70-Hz fre-
quency. The classical Hall resistance of a thin sample with a
thicknesst at a magnetic fieldB can be expressed by the
formula rxy52B/etnHall , where nHall is the three-
dimensional density of mobile carriers. From the linear
rxy-vs-B plots one can first determine the Hall coefficient
RHall5rxy /B and then the carrier densitynHall
521/eRHall .

Positron annihilation23,24 in the epitaxial layers was inves-
tigated using the low-energy positron beam technique.25 The
511-keV annihilation line was recorded with a high-purity
Ge detector, and typically 53106 counts were collected to
the annihilation peak. The sample temperature was con-
trolled between 20 and 300 K with a closed-cycle He cryo-
cooler and a resistive heater, and measured with a silicon

7852 53J. MÄKINEN et al.



diode temperature sensor. Above room temperature the
sample was heated with an electron-beam heater, and its tem-
perature was measured with a type-K thermocouple mounted
to the sample surface. A GaAs infrared~IR! light-emitting
diode was used for illumination~photon energy;1.3 eV!.
The light intensity measured with a Ge photodetector was
typically 0.1 mW/
cm2.

Observation of positron trapping at a vacancy defect is
based on the Doppler broadening of the annihilation
radiation.23 The shape of the 511-keV annihilation line, con-
voluted with the resolution of the Ge detector, can be de-
scribed in terms of valence and core electron annihilation.
The low-momentum part is characterized by the valence an-
nihilation parameterS, which is defined as the number of
annihilation events over the energy range 511 keV6DEg
(DEg50.95 keV! around the centroid of the peak. It repre-
sents the fraction of electron-positron pairs with a
longitudinal momentum component pL<0.5 a.u.
(pL /m0c<3.731023, wherem0 is the electron mass!. The
core annihilation parameterW is calculated from the tail of
the peak, 2.9 keV<uDEgu<7.3 keV. As defined here, it
corresponds to annihilations with a large momentum
component pL between 1.6 and 3.9 a.u. ~or
1131023<pL /m0c<2831023), which are almost totally
due to the core electrons.

Besides the conventional single-detector Doppler mea-
surements, we used the coincidence measurement of both
511-keV annihilation gamma rays to reduce the
background.26–28With this technique the momentum distri-
bution can be studied up to much higher momentum values.

III. EXPERIMENTAL RESULTS

A. Si doping of Al xGa0.512xIn 0.49P

Si-atom concentrations in the GSMBE-grown layers were
obtained by adjusting the Si cell temperature between 950
and 1150°C. The Si concentration determined by SIMS and
the Hall carrier concentration at 295 K are plotted against the
Si cell temperature in Fig. 1 for the ternary alloy
Ga0.51In 0.49P and the quaternary alloy AlxGa0.512xIn 0.49P
with x50.36. The results of the SIMS and the Hall measure-
ments at room temperature are also summarized in Table I.

The number of Si atoms incorporated into the material
follows the increase of the Si vapor pressure in both samples.
The number of free electrons in the conduction band, how-
ever, depends strongly on the alloy composition. In
Ga0.51In 0.49P, the Hall carrier concentration increases with
the Si cell temperature in proportion to the Si concentration.
Even at a very high Si concentration, 2.131019 cm23, Si
atoms are electrically activated as shallow donors and com-
pensation remains relatively small, as indicated by the Hall
carrier concentration 1.231019 cm23.

In Al xGa0.512xIn 0.49P with x50.36, the Hall carrier con-
centration does not increase above~1–2!31018 cm23, inde-
pendent of the number of Si atoms. When the concentration
of Si atoms is 531018 cm23, the concentration of electrons
in the conduction band is less than 20% of the total number
of Si atoms, and it collapses to;3% at the highest doping
level 2.631019 cm23. The Hall carrier concentration is also
clearly smaller than the Si concentration in the layer in

FIG. 1. Si and Hall carrier concentrations atT5295 K vs the Si
cell temperature in a ternary alloy Ga0.51In0.49P ~samples 1 and 2!
and in a quaternary alloy AlxGa0.512xIn0.49P with x50.36~samples
4–7!. Si concentrations were measured using secondary-ion-mass
spectrometry. The solid lines are guides to the eye.

TABLE I. Al fractions x, nominal doping levels, experimental Si
concentrations from SIMS analyses, the Hall carrier concentrations
at 295 K, and the activation energiesEa of the mobile electron
concentration in Si-doped AlxGa0.512xIn0.49P layers. The layers
were grown by gas-source molecular-beam epitaxy~GSMBE!, and
lattice matched to GaAs.

Doping SIMS concentrationnHall ~295 K! Ea

Sample x ~cm23) ~cm23) ~cm23) ~meV!

1-mm layers
1 0 831017 1.631018 1.231018 0
2 0 131019 2.131019 1.131019

3 0.25 831017 1.731017 98
4 0.36 831017 7.231017 3.831017 79
5 0.36 531018 6.631018 1.131018

6 0.36 31019 1.231018

7 0.36 331019 2.631019 8.231017

8 0.51 831017 1.031018 5.031017 42

2-mm layers
9 0 531018 8.731018 0
10 0.36 531018 1.831018 78
11 0.51 531018 3.331018
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which x50.25 and in the ternary alloy Al0.51In 0.49P
(x50.51) when the nominal doping level is 831017 cm23

~Table I!.
The temperature dependence of the concentration of the

mobile electrons, to be discussed in more detail in Sec. III B,
gives further insight into the properties of the Si donors. In
Al xGa0.512xIn 0.49P with x50.25, the Hall carrier concentra-
tion decreases almost by two orders of magnitude from 295
to 135 K ~Fig. 2!. This very rapid decrease of the free-
electron concentration suggests the existence of a deep elec-
tron trapping center. In contrast, the Hall carrier concentra-
tion in the ternary alloy Ga0.51In 0.49P is almost independent
of temperature all the way down to 4 K. The formation
of a deep electron trapping center in Si-doped
Al xGa0.512xIn 0.49P, in whichx50.24 at a concentration far
exceeding the concentration of the shallow states was earlier
reported by Nojima, Tanaka, and Asahi.11 The difference be-
tween the doping concentration@Si# and the carrier concen-
trationnHall becomes larger when@Si# increases~Fig. 1!, sug-
gesting that the concentration of the deep electron trap
increases with the Si concentration.

In conclusion, we can suppose that a deep electron
trapping center related to Si doping is formed in
Al xGa0.512xIn 0.49P. It suggests that the difference between
Ga0.51In 0.49P and AlxGa0.512xIn 0.49P illustrated in Fig. 1 is
due to the different states of the Si donors.

B. Analysis of the Hall measurements

1. Temperature dependence of the Hall carrier concentration

The Hall carrier concentrationsnHall calculated using the
simple relationnHall521/eRHall are plotted against the re-
ciprocal temperatureT21 in Fig. 2 between 300 and 100 K.
In all layers the nominal Si concentration is 831017 cm23,
and the Si concentrations determined by SIMS are given in
Table I. Figure 2 illustrates the difference between the ter-
nary alloy Ga0.51In 0.49P and quaternary alloys with
x>0.25. Inn-type Si-doped Ga0.51In 0.49P, the mobile elec-
tron concentration decreases less than a factor of 2 from 300
to 4 K. In quaternary AlxGa0.512xIn 0.49P (x50.25 and 0.36!
as well as in Al0.51In 0.49P the Hall carrier concentration is
strongly temperature dependent, indicating the trapping of
free electrons by deep centers.

The linear ln(nHall)2T21 dependence over a decade in
the Hall carrier concentration from 300 to 120 K clearly
demonstrates an activated behavior of the electron density.
The activation energiesEa calculated from the slopes of the
ln(nHall)-vs-T

21 curves are given in Table I and they depend
strongly on the alloy composition. Comparison of Ga0.51In
0.49P and AlxGa0.512xIn 0.49P (x50.25), which both have a
direct band gap, demonstrates the deepening of the donor
level. In Ga0.51In 0.49P, in which the compensation is negli-
gible, the thermal activation energy is zero. The Si concen-
tration is probably sufficiently high for the insulator-to-metal
transition to occur. When the Al concentration increases, the
deep states appear with a maximum activation energy
Ea'0.1 eV aroundx50.25. For the shallow donor states
related to theG minimum of the conduction band a similar
activation energy as in Ga0.51In 0.49P is expected (;2 meV
according to Ref. 29!. At higher Al concentrations the acti-
vation energy decreases to 79 meV atx50.36 and 42 meV in
Al 0.51In 0.49P.

2. Persistent photoconductivity

To illustrate the persistent photoconductivity effect, the
Hall carrier concentrationnHall and the longitudinal resis-
tancerxxmeasured in AlxGa0.512xIn 0.49P (x50.36) are plot-
ted in Fig. 3~a!. nHall was measured after cooling the samples
in the dark from 300 K, and after illumination with 940-nm
IR light at 74 K.rxx was measured after cooling the samples
in the dark and after illumination at each temperature. Figure
3~b! shows the longitudinal resistancerxx in Al 0.51In 0.49P.
This layer was illuminated with red light. The nominal Si
concentration of both samples is 531018 cm23.

In Si-doped AlxGa0.512xIn 0.49P a freeze-out of electrons
into a deep electron level is observed when the temperature
is lowered from 300 to 120 K. The slope of the Arrhenius
plot yields the activation energyEa578 meV. It is equal to
the activation energy in the sample which has the same alloy
composition (x50.36) but a smaller Si concentration
831017 cm23 ~Table I!. If the sample is exposed to IR light
below 100 K, the concentration of the conduction electrons
increases. The Hall carrier concentration 431017 cm23 at 74
K after illumination is an order of magnitude larger than
before illumination. This photoinduced increase of the elec-
tron concentration persists at low temperatures. Around 70 K
a very slow decrease of the Hall carrier concentration with

FIG. 2. Hall carrier concentrationsn Hall521/eRHall determined
from the Hall resistivityrxy plotted as a function of the inverse
temperature T21. The alloy composition varies fromx50
~Ga0.51In0.49P! to x50.51 ~Al 0.51In0.49P!, and the nominal Si con-
centration in all layers is 831017 cm23 ~samples 1, 3, 4, and 8!.
The thermal activation energies of the mobile electron concentra-
tion are given in Table I. The solid lines are fits to the data.
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time is seen. When temperature is raised further the photo-
conductivity finally disappears, and by 140 K the Hall carrier
concentrationnHall has recovered to its equilibrium value.

The longitudinal resistancerxx also shows a persistent
increase of the conductivity after illumination~Fig. 3!. Be-
low 200 K the resistivity in AlxGa0.512xIn 0.49P (x50.36) in
the dark increases much more rapidly than expected from the
decrease of the Hall carrier concentration. It shows a strong
increase of electron scattering at low temperatures. Illumina-
tion with IR light at 75 K decreases the resistivity by almost

two orders of magnitude. This decrease is far larger than the
increase of the concentration of mobile electrons, indicating
that, besides the concentration of mobile electrons, the elec-
tron mobility is also higher after illumination. A persistent
decrease of the resistancerxx is seen also in Al0.51In 0.49P,
which was illuminated with red light. In both samples the
resistivity returns to its equilibrium value by 150 K. In Si-
doped Ga0.51In 0.49P layers in which the donor activation en-
ergy is zero and compensation is small, illumination has no
influence on the free-electron concentration in the conduc-
tion band.

The Hall measurements demonstrate the well-known per-
sistent photoconductivity effect which is observed in many
n-type III-V compounds.3 The Hall carrier concentration is
very similar to that observed in AlxGa12xAs in the range of
the alloy composition in which the band gap is indirect.30,31

C. Positron annihilation

1. Vacancy-type defects in n-typeAl xGa0.512xIn0.49P

Positron annihilation was measured in the undoped and
Si-doped layers described in Table I. We first discuss the
correlation between the alloy composition, Si doping, and
the vacancy defects. In Sec. III C 2, the temperature depen-
dence of positron annihilation is presented, and we will dem-
onstrate the effect of illumination on the vacancy signal.

The core annihilation parameter varies with the alloy
composition. This was observed earlier in AlxGa12xAs,

18

and it can be attributed to the smaller positron annihilation
rate with core electrons when Ga is replaced by Al. To com-
pare layers with different alloy compositions, the core anni-
hilation parameters are normalized to free positron annihila-
tion at the same alloy composition to giveW/WB . We take
WB as the value measured in an undoped layer or in a
p-type Be-doped (831017 cm23) layer which yield identical
core and valence annihilation parameters. The temperature
dependence of the Doppler parameters also suggest that only
free positron annihilation can be seen in the undoped layers
~see Sec. III C 2!.

The core annihilation parametersW/WB (295 K! in Si-
doped AlxGa0.512xIn 0.49P measured at room temperature are
plotted against the nominal Si concentration in Fig. 4. The
core annihilation parameters are systematically smaller in the
Si-doped layers than in the undoped layers. The reduced core
electron annihilation gives an indication of positron trapping
at vacancy-type defects. We find a strong dependence of the
core annihilation parameter both on the alloy composition
and the Si concentration. In AlxGa0.512xIn 0.49P with
x>0.25, positron trapping is already observed at the Si con-
centration 831017 cm23. In Ga0.51In 0.49P, positron trapping
is first observed at a much higher Si concentration 531018

cm23. In the quaternary alloyx50.36 the core annihilation
parameter becomes independent of the doping when the dop-
ing level is 531018 cm23 or higher. This gives an indication
of the saturation of positron trapping, i.e., all positrons anni-
hilate at vacancy defects. Below we will demonstrate that
the defects which dominate positron trapping in
Al xGa0.512xIn 0.49P (x>0.25) cannot be observed in
Ga0.51In0.49P.

The measured core annihilation parametersW can be used
to calculate the positron trapping rates and to estimate the

FIG. 3. ~a! Hall carrier concentrationnHall and the longitudinal
resistancerxx in Al xGa0.512xIn0.49P with x50.36, and a Si concen-
tration of 531018 cm23 ~sample 10! measured after cooling the
sample in the dark from 300 K, and after illumination with IR light
at 74 K (n Hall) or at each temperature (rxx). ~b! The longitudinal
resistancerxx in Al 0.51In0.49P in which the Si concentration is
531018 cm23 ~sample 11!. rxx was measured after cooling the
sample in the dark from 300 K, and after illumination with red light
at 75 K.
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defect concentrations. Assuming that one defect dominates
positron annihilation, the kinetic two-state trapping model32

gives the fraction of positrons annihilating from the defect
state as

f D5
k

k1lB
5

WB2W

WB2WD
. ~1!

In Eq. ~1!, the positron trapping coefficientm ~trapping rate
per unit concentration of vacancies! and the vacancy concen-
tration (CV) give the positron trapping ratek5mCV , lB
denotes the annihilation rate of free positrons, andWD is the
core annihilation parameter for positron annihilation at the
defect state. When positron trapping is in saturation, all pos-
itrons annihilate at defects:W5WD and f D51.

In Al xGa0.512xIn 0.49P with x50.36, the core annihilation
parameter in the layers in which the Si concentration is high
~layers 5–7 and 10! gives WD /WB50.835(5) at 295 K.
From Eq.~1!, the positron trapping rate isk'lB in the layer
with @Si# 5831017 cm23 ~layer 4! in which trapping is not
in saturation. The free positron annihilation rate in
Al xGa0.512xIn 0.49P is not known. However, the experimental
bulk lifetimes 223 ps in GaP~Ref. 33! and 244 ps in InP
~Ref. 28! indicate that to estimate the defect concentration
we can takelB5(1/244 ps!. Assuming the positron trapping
coefficientm5231015 s21,34–37 the positron trapping rate
would imply the vacancy concentrationCV'131017

cm23. For saturation trapping to occur, the positron trapping
rate must bek.10lB . This indicates that the vacancy con-
centration is higher thanCV.131018 cm23 when the Si
concentration is 531018 cm23.

The ternary alloy Ga0.51In 0.49P ~layers 1, 2, and 9! shows
no indication of a saturation of positron trapping, and there-
fore the defect parameterWD is not known. We can, how-
ever, estimate the trapping ratek,0.3lB in layer 9, in which
the Si concentration is 531018 cm23 if we assume that the
core annihilation parameter in layer 2 with the highest Si
concentration 131019 cm23 equalsWD . This would mean
saturation positron trapping in that layer, and is bound to
give an overestimate for the trapping rates. This shows that
the positron trapping rate in Ga0.51In 0.49P is far smaller than
in the AlxGa0.512xIn 0.49P layer x50.36 (k.10lB) at the
same doping level. As the positron trapping coefficients at
room temperature for neutral and negatively charged vacan-
cies in different semiconductors have been found to be rather
similar, we conclude that the vacancy concentration is much
smaller.

The appearance of the vacancy defects shows a correla-
tion to the compensation of electrons which was demon-
strated in Fig. 1. In Ga0.51In 0.49P the compensation ratio is
small and the vacancy concentrations are small compared to
the Si concentrations. In contrast to the ternary alloy
(x50), the vacancy concentration in n-type
Al xGa0.512xIn 0.49P samples is comparable to the number of
Si atoms in the layer.

2. Temperature dependence of positron annihilation
and photoeffects

The core annihilation parameters in undoped and Si-
doped (531018 cm23) Al xGa0.512xIn 0.49P with x50.36 are
plotted against temperature in Fig. 5. Positron annihilation
was measured from 20 to 720 K, keeping the sample in the

FIG. 4. Plot of the core annihilation parameter atT5295 K
against the nominal Si concentration in Ga0.51In0.49P ~samples 1, 2,
and 9!, Al xGa0.512xIn0.49P with x50.36 ~samples 4–7!, and
Al 0.51In0.49P ~samples 8 and 11!. To compare samples with different
Al concentrations, the core annihilation parameters are normalized
to the core annihilation parameter for free positron annihilation
WB at the same alloy composition to giveW/WB ~295 K!. The solid
lines are guides to the eye.

FIG. 5. The temperature dependence of the core annihilation
parameter in undoped and Si-doped AlxGa0.512xIn0.49P with
x50.36, and the Si concentration of 531018 cm23 ~sample 10!. In
the Si-doped layer the core annihilation was measured in the dark
and after illumination with IR light at 20 K~all measurements are
done in the dark!. The solid lines are guides to the eye.
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dark throughout the measurement. The effect of illumination
on positron annihilation was studied by measuring the core
annihilation parameter in the dark as a function of tempera-
ture subsequent to the illumination of the sample with IR
light at 20 K.

In the undoped layer, the increase of temperature causes a
small and nearly linear decrease of the core annihilation pa-
rameter. Measurement of the core annihilation parameter in
the undoped Ga0.51In 0.49P and Al0.51In 0.49P samples gives an
equivalent temperature dependence. This can be attributed to
the thermal lattice expansion,38 and is commonly observed
for free positron annihilation in solids.

In the Si-doped layer the core annihilation parameter be-
tween 300 and 20 K indicates positron trapping at vacancy
defects. The small increase of the core annihilation param-
eter below 200 K in the dark indicates competitive trapping
at some other defects. A possible cause is positron trapping at
negatively charged ion-type centers at low temperatures.
Such centers are commonly observed, e.g., in GaAs.39–41The
two most singular features of Fig. 5 are an increase of the
core annihilation parameter from 450 to 720 K, and its per-
sistent increase at 20 K after exposure to IR light. The in-
crease of the core annihilation parameter close to the values
measured in the undoped layer at 700 K indicates that the
vacancy which dominates positron annihilation below 400 K
cannot be observed at high temperatures. The temperature
variation of the core annihilation parameter from 400 to 700
K is totally reversible, and the disappearance of the vacancy
signal is not due to annealing of defects in the layer.

Illumination with IR light at 20 K causes a persistent in-
crease of the core annihilation parameter, i.e., a persistent
disappearance of the vacancy signal. The photoeffect lasts at
least several days, and we cannot observe the vacancy signal
without warming the sample. The vacancy signal recovers
above 60 K, and by 140 K the core annihilation parameter is
equal to the value measured before illumination. In Si-doped
Al 0.51In 0.49P the temperature dependence of the core annihi-
lation parameter is totally equivalent to that shown in Fig. 5.
In particular, IR light causes a similar persistent increase of
the core annihilation parameter at 20 K.

The vacancy signal cannot be totally removed by IR light
in Si-doped AlxGa0.512xIn 0.49P or Al0.51In 0.49P. This indi-
cates a residual concentration of vacancy-type defects which
are insensitive to illumination. The concentration of those
residual vacancies appears to be similar to the vacancy con-
centration in a Si-doped ternary alloy Ga0.51In 0.49P. In
Ga0.51In 0.49P, illumination has no influence on positron anni-
hilation.

Further insight into the metastable behavior of the va-
cancy was obtained through annealing experiments. The Si-
doped AlxGa0.512xIn 0.49P (x50.36) and Al0.51In 0.49P layers
were first cooled in the dark, and illuminated with IR light at
20 K. Positron annihilation was measured as a function of an
isochronal annealing between 20 and 150 K in the dark. The
core annihilation parameters are plotted against the annealing
temperature in Fig. 6. The core annihilation parameter is
constant from 20 K to approximately 50 K, whereafter the
vacancy signal recovers in a rather broad temperature range,
and by 120 K it is at the level measured before illumination
indicating that the recovery is complete.

The removal of the vacancy signal and its recovery are
correlated to the photo-Hall experiments~Fig. 3!. The
quenching of the vacancy signal appears in the layers
x50.36 and 0.51, in which the persistent photoconductivity
effect was observed, but not in Ga0.51In 0.49P. Moreover, the
vacancy signal recovers at the same temperature range from
60 to 140 K at which the persistent photoconductivity disap-
pears. The disappearance of the vacancy signal after expo-
sure to IR light as well as in thermal equilibrium above 350
K was earlier observed in Si-doped AlxGa12xAs.

18,19

IV. Si IN Al xGa0.512xIn0.49P: DEEP DONOR LEVELS AND
THE LOCAL STRUCTURE OF THE DX CENTER

The appearance of a deep ground state of the Si donor and
the persistent photoconductivity effect suggest thatDX cen-
ters are formed in AlxGa0.512xIn 0.49P. Below we will dem-
onstrate that the appearance of theDX level into the band
gap aroundx'0.1 gives a consistent picture of the experi-
mental findings. AlxGa0.512xIn 0.49P is found to be very simi-
lar to the AlxGa12xAs system. We will give evidence for
identifying the vacancylike defect as theDX center, and dis-
cuss its local structure.

FIG. 6. The core annihilation parameter in AlxGa0.512xIn0.49P
with x50.36, and in Al0.51In0.49P as a function of the annealing
temperature after illumination with IR light at 20 K. The Si concen-
tration is 531018 cm23 in both layers~samples 10 and 11!. The
core annihilation parameter was measured in the dark at 20 K. The
closed symbols and the arrows indicate the core annihilation param-
eter after cooling the sample from 295 K and the effect of illumi-
nation, respectively. The solid lines are guides to the eye.
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A. Donor levels

The Arrhenius plot ln(nHall)-vs-T
21 from 130 to 300 K

shows the carrier freeze-out into a deep electron level~Figs.
2 and 3!. The free-electron density is thermally activated,
and we can assume that in this temperature range the occu-
pation of the deep level is in equilibrium with the electron
states in the conduction band.

From total-energy calculations, a metastable donor con-
figuration is found for a negatively charged donor.13 The do-
nor impurity then behaves as a negative-U center capturing
twoelectrons. In that case the electron density in the conduc-
tion band (n) of a nondegenerate semiconductor withND
donors compensated byNA acceptors is given by31,42

n2~ND1NA1n!

ND2NA2n
5NC

2expF2
2ED

kBT
G . ~2!

In Eq. ~2!, NC is the effective density of states in the con-
duction band, andED is the energy for a transfer of an elec-
tron from the deep donor level to the lowest-lying band edge.
The electronic degeneracy factor is included in the entropy
term of the thermal activation energy, and the contribution
from the excited~shallow! states of the donor is neglected.
Whenn!NA,ND , i.e., when the donors are strongly com-
pensated, the slope of the ln(nHall)-vs-T

21 curve will deter-
mine the thermal ionization enthalpyHD of the deep donor.
This condition should be true at low temperatures, because
there are many more ionized donors to capture electrons than
there are free electrons in the conduction band.

Figure 7 shows the relative positions of theG and X
minima of the conduction band in AlxGa0.512xIn 0.49P from
x50 to 0.51.10,43,44 The thermal activation energies taken
from the slopes of the ln(nHall)-vs-T

21 curves in Fig. 2 are

plotted in the same figure. As indicated above, the apparent
activation energy yields the thermal ionization energy of the
deep donor level. This is expected to be valid even if the
ground state of the donor were neutral.45 However, appre-
ciable differences between the true electron concentrationn
and the Hall carrier concentrationnHall may appear at the
crossover from the direct to indirect band gap atx'0.33
because of the distribution of electrons between the different
conduction-band minima. From Fig. 7, the temperature
variation ofn/n Hall can only effect the experimental activa-
tion energy in the layerx50.36 which is close to the cross-
over point.46 At the other alloy composition the electrons
predominantly occupy either theG or X conduction-band
minimum.

The variation of the position of the deep donor level with
the alloy composition can be estimated from Fig. 7. For
x>0.25 the present experimental data can be approximately
described by a linear variation of the energy level with al-
loying ~in eV! DE>0.72Dx with respect to the edge of the
valence band. The variation of theG band edge measured
from the valence-band maximum is given by
EG51.9111.22x.43 The thermal binding energy relative to
the conduction-band minimum forx<0.33 therefore varies
with the alloy composition asDED>0.50Dx, and it is ap-
proximately given byED5(0.50x20.05) eV.

The thermal binding energy estimated above would imply
that the deep donor level appears in the band gap around
x'0.1. Rapid increase of the Se-related deep levels in Se-
doped AlxGa0.512xIn 0.49P has been reported at the same al-
loy composition.12

The variation of the position of the deep donor level with
the alloy composition is very similar to that of theDX center
in Al xGa12xAs.

46 Chadi and Chang13 suggested a simple
expression for the alloy composition dependence of theDX
binding energy. As theDX center is a localized defect, the
variation of its energy level relative to the valence-band
maximum should be nearly equal to the change of the aver-
age energy of the lowest conduction band. They indicated
that the average energy of the conduction band closely fol-
lows theL minimum of the conduction band, and that this
should hold for many III-V alloys. The poorly known band
structure and in particular theL minimum of the conduction
band make a direct comparison between the deep donor level
and the conduction band in AlxGa0.512xIn 0.49P difficult. The
variation of the position of the deep donor level
DE>0.72Dx compared to the valence-band edge is, how-
ever, very similar to variation of theL minimum of the con-
duction band in other alloys of Al and Ga. In AlxGa12xAs
the variation of the indirect band gapDEL50.75Dx has been
estimated.45 The indirect band gap from theG point to the
L minimum of the conduction band increases by
DEL50.78 eV from GaP to AlP, and 0.72 eV from GaSb to
AlSb.47

In conclusion, we observe a rather deep donor level in
Al xGa0.512xIn 0.49P. It appears into the band gap as the
ground state of the donor when the bottom of the conduction
band is shifted to higher energies due to Al alloying. With
respect to the valence and conduction bands the deep donor
level varies with the alloy composition in a very similar way
as theDX center in AlxGa12xAs.

FIG. 7. The thermal binding energies of the dominant donor
levels at different alloy compositions fromx50 ~Ga0.51In0.49P! to
x50.51 ~Al 0.51In0.49P!. The binding energies were taken from the
slopes of the ln(nHall)-vs-T

21 curves in Fig. 2. The positions of the
G andX minima of the conduction band with respect to the valence-
band edge atT5300 K are from Refs. 10, 43, and 44.

7858 53J. MÄKINEN et al.



B. Persistent photoconductivity:
Identification of the vacancy defects

Illumination of n-type Si-doped AlxGa0.512xIn 0.49P with
IR or red light at low temperatures persistently increases the
concentration of electrons in the conduction band~Fig. 3!.
The persistent photoconductivity effect and the variation of
the thermal binding energy of the dominant donor state with
the alloy composition give an indication of the existence of
DX centers.

Persistent photoconductivity was demonstrated in Si-
doped AlxGa0.512xIn 0.49P with x50.36, and in
Al0.51In0.49P. At both alloy compositions the conduction band
is indirect~Fig. 7!. In the layerx50.36, the number of elec-
trons in the conduction band increases by one order of mag-
nitude after illumination. The electron concentration at 70 K
is, however, only 10% of the number of Si atoms 531018

cm23 in the layer. It is equivalent to the persistent photocon-
ductivity effect in AlxGa12xAs with an indirect band
gap.30,31The shallow donor level associated with theX mini-
mum in AlxGa12xAs has a rather high binding energy. Elec-
trons therefore partly occupy the shallow donor levels, and
the number of electrons in the conduction band remain much
smaller than the donor concentration. We anticipate that the
rather low free-electron concentration in AlxGa0.512xIn 0.49P
after illumination is due to the same effect, i.e., the distribu-
tion of electrons between the conduction-band states and the
hydrogenic donor levels associated with theX minimum be-
low 70 K.

Carrier separation due to macroscopic potential barriers
between low and high resistivity regions of inhomogeneous
material may also give rise to persistent photoconductivity
effects at low temperatures.48 It is usually difficult to distin-
guish between the different possible origins by the measure-
ment of the photoconductivity. In MBE-grown ternary and
quaternary alloys some variation of the composition may oc-
cur depending on the growth conditions. Observation of deep
donor levels in the layers in which the persistent photocon-
ductivity appears suggests that it can be associated with the
DX centers. This is further supported by the earlier observa-
tions of deep electron levels related to donor impurities
showing persistent photoeffects in AlxGa0.512xIn 0.49P grown
by different techniques. Such centers have been reported in
MBE-grown Si-doped,11 metal-organic vapor-phase-epitaxy-
grown Se-doped,12 and vapor-phase-epitaxy-grown S-doped
layers.49

The vacancy signal which dominates positron annihilation
in Si-doped AlxGa0.512xIn 0.49P from 20 to 450 K disappears
after illumination with IR light. Below 60 K the phenomenon
is persistent, and the vacancy can only be seen if temperature
is raised. This vacancy defect shows a similar correlation to
Si doping and the alloy composition as theDX center. It only
appears inn-type Si-doped layers, and it cannot be observed
in Ga0.51In 0.49P in which the donor level is shallow.

Phenomenological comparisons between the characteris-
tics of positron annihilation at theDX center in
Al xGa12xAs ~Refs. 18 and 19! and the evidence presented
here clearly support the assertion that the defect state in Si-
doped AlxGa0.512xIn 0.49P is due to the Si-DX center. Optical
ionization converts theDX center into a shallow hydrogenic
donor. In Si- and Te-doped AlxGa12xAs the optical ioniza-

tion cross section of theDX center is equal to the ionization
cross section of the vacancy. The variation of the energy
barrier for electron capture at theDX center with the donor
species and the alloy composition gives a good description of
the recovery of the vacancy signal after illumination.18,19 In
analogy with AlxGa12xAs, the persistent disappearance of
the vacancy signal after illumination, and the reappearance
of the vacancy when the persistent photoconductivity decays
between 60 and 120 K~Figs. 3 and 6! in Si-doped
Al xGa0.512xIn 0.49P are correlated to theDX center. The re-
covery after illumination occurs at a markedly broader tem-
perature range in a quaternary alloy AlxGa0.512xIn 0.49P than
in Al xGa12xAs. This may be due to a variation of the local
environment of the donors giving rise to a distribution of
capture energies for electrons. Previously very broad deep-
level transient spectroscopy~DLTS! spectra from the Si
DX center in AlxGa0.512xIn 0.49P has been reported.11

Thermal ionization of theDX center gives further insight
into the origin of the vacancy defect. In AlxGa12xAs the
disappearance of the vacancy signal above 350 K was asso-
ciated with the ionization of the Si-DX center in thermal
equilibrium.19 The data yields thermal ionization energy in
good agreement with the values based on Hall experi-
ments. The Hall carrier concentration in Si-doped
Al xGa0.512xIn 0.49P implies that of the order of 1018 cm23

DX centers are occupied at room temperature. The thermal
ionization of those centers can explain the disappearance of
the vacancy signal between 450 and 700 K.

Based on the detailed study of the Si-DX center in
Al xGa12xAs, and the properties of the vacancy defects in
Al xGa0.512xIn 0.49P, we come to the conclusion that the de-
fect which dominates positron annihilation in Si-doped
Al xGa0.512xIn 0.49P is theDX center. All the experimental
results point out that theDX center traps a positron when the
deep level is occupied, but trapping disappears when the
DX center is optically or thermally ionized.

C. Local structure of the DX center

We now turn to the local structure of theDX center. Pos-
itron annihilation demonstrates that the Si-DX center in
Al xGa0.512xIn 0.49P has a vacancylike structure. This was
found earlier from the Doppler experiments in Si- and Te-
doped AlxGa12xAs,

18,50 as well as from positron lifetime
measurements in Te-doped AlxGa12xSb.

51

The metastable configuration of theDX center reached by
optical ionization no longer acts as a positron trap. A transi-
tion into a positive charge state would make the vacancy
unobservable. Directly from the positron experiment we can
only conclude that either the vacancy disappears or that it
becomes positively charged. However, in AlxGa12xAs it has
been shown that theDX levels and the hydrogenic levels
originate from the same impurity atom,52 and in the meta-
stable configuration of theDX center the hydrogenic states
of an isolated substitutional donor impurity have been seen
by infrared absorption,53 Hall measurements,54 and electron
paramagnetic resonance.55,56Assuming the same basic struc-
ture of theDX center, the Si atom would be at the substitu-
tional site of the group-III atom~Ga, In, Al! after optical
ionization of the SiDX center in AlxGa0.512xIn 0.49P as well.
To reconcile the vacancylike structure of theDX center with
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these results requires a large relaxation of atoms from the
substitutional geometry when electrons are captured at the
DX level.

The valence annihilation parameter for the Si-DX center
in Al xGa0.512xIn 0.49P with x50.36 is SDX /SB
51.015–1.02. It issmaller than the valence annihilation
parameter for Ga or As vacancies in GaAs.40,41 It is
also smaller than the valence annihilation parameter for ei-
ther the In or P vacancy in InP. We can therefore assume that
the vacancy associated with theDX center is somewhat
smaller than an isolated vacancy. A similar conclusion
was found in the case of DX centers in
Al xGa12xAs ~Refs. 18 and 19! and AlxGa12xSb,

51 as well
as in the case of theEL2 defect in GaAs.57

To study the chemical nature and the lattice site of the
DX center further, the core electron annihilation spectra were
measured using the coincidence technique to reduce the
background.28 Thereby the momentum distribution of the an-
nihilating core electrons can be studied. The spectra for un-
doped and Si-doped AlxGa0.512xIn 0.49P with x50.36 are
plotted in Fig. 8 fromDEg53.3–7.0 keV. It corresponds to
annihilations with a longitudinal momentum componentpL
from 1331023 to 2731023m0c. To compare the Si-DX
center with vacancy defects in InP, we calculate the core
annihilation parameterW using the same window
1531023<pL /m0c<2031023, corresponding to 15–20
mrad in a one-dimensional angular correlation measurement

as in Ref. 28. For the Si-DX center in
Al xGa0.512xIn0.49P with x50.36, it yieldsWDX /WB50.75.

The core annihilation parameterWDX /WB50.75 for the
Si-DX centers in AlxGa0.512xIn 0.49P (x50.36) is markedly
smaller than in AlxGa12xAs, whereWDX /WB50.86.58 Two
possible mechanisms can explain the difference. First, the
distortions around the donor impurities can be different.
There is, however, another possibility. Considering the core
electron annihilation, a major difference between these two
materials is the very different core shells of the group-V
atoms P and As. The core annihilation parameter can also
change if the atomic configurations are equivalent but the
nearest-neighbor atoms—that is, P or As—around the va-
cancy are different.

The core annihilation parameters have been used to iden-
tify the P and In vacanciesVP andVIn in InP.28 The magni-
tude of the core electron annihilation is much smaller in the
In vacancy than in the P vacancy. The neighboring P atoms
of an In vacancy give a negligible core electron annihilation
signal. In a P vacancyVP the annihilation with the electrons
of the In core shells yields almost as strong a core annihila-
tion component as in the bulk. In Ref. 28 the core annihila-
tion parametersWVIn

/WB50.70 andWVP
/WB50.94 were

calculated using the window~15–20!31023m0c. The core
annihilation parameter for the Si-DX center in
Al xGa0.512xIn 0.49P,WDX /WB50.75, is similar to that found
for VIn in InP but much lower than the core annihilation
parameter forVP. We therefore come to the conclusion that
the vacancy in the Si-DX center has P atoms as its nearest
neighbors, in analogy with the In vacancy, i.e., the vacancy
must be in the group-III sublattice.

Finally, we compare the local structure of theDX center
with the theoretical models. It has become increasingly evi-
dent that the vacancy-interstitial model accounts for the elec-
trical and optical properties of theDX center in
Al xGa12xAs.

14 Donors can take two different configura-
tions. One is the simple substitutional geometry which gives
rise to the effective-mass states. The other is characterized by
a large displacement of the column-IV donor atom along the
^111& direction. The distorted geometry of the donor impu-
rity can be viewed as a vacancy-interstitial pair. This is in
agreement with the structural data from the positron annihi-
lation experiments which directly indicate the vacancylike
structure of theDX center. The impurity atom at an intersti-
tial site next to the vacancy could also account for the fact
that the vacancy in theDX center is smaller in size than an
isolated vacancy.18,51The very different structures of the core
shells of the group-III atoms~Ga,In! and the group-V atom
~P! in Al xGa0.512xIn 0.49P suggest a direct identification of
the vacancy. To explain the core electron annihilation in the
Si-DX center, we must assume that the vacancy has P atoms
as its nearest neighbors. This is in agreement with the dis-
placement of the Si atom off the substitutional~Al, Ga, In!
lattice site. Such an identification was not possible in
Al xGa12xAs because of the rather similar structures of Ga
and As core shells.

V. CONCLUSION

We have investigated the donor levels and the local struc-
ture of theDX center in Si-doped AlxGa0.512xIn 0.49P grown

FIG. 8. ~a! The core annihilation spectra in undoped and Si-
doped AlxGa0.512xIn0.49P with x50.36 and the Si concentration is
531018 cm23 ~sample 10! measured using the coincidence detec-
tion of the two annihilationg rays.~b! The core annihilation spectra
for bulk InP, and In- and P- vacancies in InP. Data are from Ref. 28.
The solid lines are guides to the eye.
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by gas-source molecular-beam epitaxy and lattice matched to
GaAs. The experimental techniques include Hall and SIMS
measurements and positron spectroscopy.

Compensation of free carriers, thermal binding energy of
the dominant donor level, and the concentration of vacancy-
like defects in then-type layers depend strongly on the alloy
composition. In the ternary alloy Ga0.512xIn 0.49P, the Si do-
nors form only shallow donor states. Compensation of elec-
trons remains rather small even at very high donor concen-
trations up to 331019 cm23. In quaternary alloys with
x>0.25 a deep electron trapping center was observed. Trap-
ping of electrons at the deep level limits the concentration of
mobile electrons at~1–2!31018 cm23. Hall measurements
revealed an activated behavior of the mobile electron con-
centration. The thermal binding energy is;0.1 eV, when
x50.25. After illumination with IR or red light, the persis-
tent photoconductivity effect is observed atT<120 K. The
appearance of theDX level into the band gap abovex'0.1
gives a consistent picture of the experimental findings.
Al xGa0.512xIn 0.49P appears very similar to the AlxGa12xAs
system.

The vacancy-type defect, which is correlated to the deep

electron center, was identified as the Si-DX center. The local
structure of the Si-DX center from positron annihilation
spectroscopy is equivalent to that found earlier in
Al xGa12xAs. In particular, we find that, when theDX level
is filled, the Si-DX center is a vacancylike defect. The very
different core shell structures of the cation site~Ga,In! and
the anion site~P! atoms suggest a direct identification of the
vacancy sublattice. We find direct evidence that the vacancy
has P atoms as its nearest neighbors, and identify it as a
vacancy in the~Al, Ga, In! sublattice. The structural data
give support to the vacancy-interstitial model which predicts
that the donor impurities can take two different configura-
tions in sp-bonded semiconductors.
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