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We have compared the electrical properties of n-type GaAs layers disordered by either 40 keV As ion implantation or an
impurity-free process employing an SiO2 capping layer. Current–voltage and capacitance–voltage measurements on Au
Schottky barrier diodes fabricated on the processed layers showed that the impurity-free method retained the much better
electrical quality of the GaAs epitaxial layers. Different sets of defects were observed in the implanted samples and impurity-
free disordered samples, which meant that the charge transfer across the Schottky barriers was different in the two cases. Our
results further reveal that the concentrations and diffusion lengths of defects created by ion implantation were much larger.
The impurity-free method retains the better electrical quality of the semiconductor material.
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1. Introduction

Quantum well intermixing (QWI) has emerged as a
versatile technique for the monolithic integration of opto-
electronic devices and circuits.1) It involves the band gap
engineering of quantum-confined heterostructures by inter-
diffusing the constituent atoms at the quantum well-barrier
interfaces. The band gap of the intermixed quantum well
(QW) is usually larger than that of the original structure,
hence providing the possibility to form low-loss optical
waveguides, band gap-engineered modulators, lasers and
detectors using only one epitaxial growth.1,2) In the GaAs-
based system, intermixing proceeds by the diffusion of point
defects, especially the vacancies, on the group III sublat-
tice.3–5) Hence, the band gap modification of III–V hetero-
structures is effected by defect engineering.

The defects required for interdiffusion are generally
created by ion implantation or an impurity-free method
which employs SiO2 capping layers.1,2) Ion implantation
offers very high reproducibility and is spatially selective. In
contrast, impurity-free interdiffusion has been plagued with
problems of reproducibility and spatial selectivity.6) Some of
the outstanding issues related to the reproducibility7–11) and
spatial selectivity12,13) of impurity-free interdiffusion have
recently been addressed, and new results have helped in our
better understanding of the mechanisms driving the impur-
ity-free process. Apart from criteria related to reproducibility
and spatial selectivity, ion-implantation-induced and impur-
ity-free intermixing have recently been compared for their
ability to improve the quantum efficiency and frequency
response of InGaAs/GaAs14) or InGaAs/InP15) quantum well
structures. It has been shown that the carrier capture into an
intermixed quantum well was much faster than capture into
the as-grown structure. The reason for this enhanced carrier
capture rate was attributed to the shape of the interdiffused
quantum well. In addition to the band gap engineering,
intermixing also improves other optical properties, namely
the quantum efficiency and frequency response, of opto-
electronic devices.14) Furthermore, the carrier collection

efficiency of a quantum well is more efficient in samples
intermixed by ion implantation compared to the impurity-
free process.15) It is also well-known that defects introduce
deep levels within the band gap of semiconductor materials.
These deep levels may act as efficient recombination centers
for free carriers and increase the leakage current of devices.
Moreover, deep levels may trap free carriers and cause free
carrier compensation.16) It is, therefore, important from the
device performance point of view to, not only study the
optical properties of III–V semiconductors, but also assess
the influence of defects on their electrical properties.

In the present study, defects have been created in n-type
GaAs epilayers by either implantation with 40 keV As ions
or the impurity-free process using SiO2 capping followed by
annealing. Two different sets of defects are introduced by
the two methods. We found that the free carrier compensa-
tion and leakage current was more severe for ion implanta-
tion. The results reported here demonstrate that although ion
implantation may provide improved optical properties over
the impurity-free method,14,15) it does not retain the
electrical quality of the semiconductor material. It is worth
noting here that since disordering is performed using either
ion implantation or the impurity-free method,1–15) this study
does not focus on the electrical properties of impurity-free
disordered n-type GaAs previously implanted with low-
energy As ions.

2. Experimental Details

Epitaxial GaAs layers of (100) orientation and doped with
1� 1016 Si/cm3 were used in this study. The 4 mm thick
epitaxial layers were grown by metalorganic chemical
vapour deposition (MOCVD) on nþ-GaAs substrates. The
epitaxial side of selected samples were capped with 200 nm
SiO2 by plasma-enhanced chemical vapor deposition. Other
samples were implanted at room temperature with 40 keV
As ions to a fluence of 5� 1013 cm�2. The samples were
tilted 7� off-axis in order to minimise channeling effects.
The choice of ion energy, species, and dose follows from a
previous study of GaAs/AlGaAs QWI.17) Rapid thermal
annealing (RTA) was performed on both SiO2-capped and
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As-implanted GaAs samples at 900�C for 30 s under Ar
flow. GaAs proximity capping was used during RTA to
prevent the excessive loss of As. After RTA the SiO2 layer
was removed by immersing the samples in a 10% hydro-
fluoric acid solution. All samples were chemically cleaned,
including a final dip in dilute hydrochloric acid to remove
any native oxide, prior to metallization. Schottky barrier
diodes (SBD) were fabricated on the epitaxial layers by
thermal evaporation of �120 nm Au. Current–voltage (I–V)
and capacitance–voltage (C–V) measurements were per-
formed on the SBDs, while deep level transient spectroscopy
(DLTS) measurements were made using a lock-in-type setup
described in ref. 18.

3. Results and Discussion

The two methods studied here create defects in a region
confined close to the surface of the samples. Low-energy As
ions were used in ref. 17 in order to create defects in a
region spatially resolved from GaAs quantum well structures
located �300 nm below the surface. TRIM simulations show
that the projected range and straggling of 40 keV As ions in
GaAs are �20 nm and �11 nm, respectively.19) The fluence
of 5� 1013 cm�2 has been shown to produce significant
intermixing in GaAs/AlGaAs QWs.17) For the impurity-free
method, defects are generated close to the GaAs surface due
to either the out-diffusion of Ga atoms into the SiO2 layer or
during metallurgical reactions between the semiconductor
and the encapsulant.1,2,5,7–11) Although the exact defect
creation mechanism remains unknown, there is the ample
experimental evidence suggesting that the gallium vacancy,
VGa, is the main defect created in GaAs by the impurity-free
method.1,3–5) It is pointed out here that the generation of
defects and their diffusion in the impurity-free method occur
simultaneously during the one annealing step. On the other
hand, displacement damage is created by nuclear energy
deposition in elastic recoils during ion implantation, and
defects are ‘‘driven-in’’ during the post-implantation anneal-
ing step. It will be shown later that defect diffusion already
takes place during ion implantation, albeit to a much lower
extent than during the RTA step.

For a Schottky barrier diode, the I–V technique measures
the transport of free carriers over or across the barrier
between the semiconductor and the metal, and is, therefore,
very sensitive to the near-surface modification of the
semiconductor. Figure 1 illustrates the room temperature
I–V characteristics of Au SBDs fabricated on the as-grown
(open triangles), SiO2-capped and annealed (open dia-
monds), as-implanted (solid squares), and implanted and
annealed (open circles) GaAs epilayers. The diode fabricated
on the as-grown sample exhibits very good reverse char-
acteristics with a current �3:5� 10�10 A at �1V. Its linear
forward characteristic curve for V > 3kT=q shows that the
current transport across the barrier was according to the
thermionic emission theory (typical of the near-ideal SBD).
The ideality factor (n) and barrier height (�b) of a SBD can
be extracted according to the thermionic emission theory by
a least squares fit to the forward characteristic curve for
V > 3kT=q.20) A summary of the electrical properties of
SBDs fabricated on as-grown and processed n-type GaAs
samples is given in Table I. The diode fabricated on the
sample processed by the impurity-free method has degraded

reverse and forward characteristic curves, as indicated by the
lower barrier (�b ¼ 0:73 eV) height and larger ideality factor
(n ¼ 1:65) This non-ideal behavior results from the recom-
bination of electrons in the depletion region via deep
levels.20) The decreased slope of the forward characteristic
curve above �0:2V is also typical of the increase in series
resistance, Rs, of the impurity-free damaged GaAs layer. The
I–V characteristics of SBDs fabricated on the As implanted
samples were even poorer, with the degradation being more
significant following RTA. The barrier height of the SBDs
fabricated on the As-implanted sample is 0.64 eV, and the
non-ideal characteristic of diodes is reflected by their large
ideality factor and reverse current. The SBDs fabricated on
the As-implanted and annealed n-GaAs were the most
leaking with forward I–V curves exhibiting non-linearity
over the entire forward voltage range (Fig. 1). Consequently,
we have not been able to perform linear fittings to the
forward characteristic of data points shown in open circles to
extract values for n and �b (As-implanted + RTA) to any
reasonable degree. It is worth noting here that the main aim
of the present study requires the direct comparison of
electrical properties of diodes fabricated on the impurity-free
disordered layer, and the implanted and annealed sample.
This comparison clearly shows that the implantation-induced

Fig. 1. Current–voltage characteristics of Schottky barrier diodes fabri-

cated on as-grown (open triangles), SiO2-capped and annealed (open

diamonds), As-implanted (solid squares), and As-implanted and annealed

(open circles) n-type GaAs epitaxial layers. The ideality factor (n) and

barrier height (�b) of the SBDs were extracted using a least squares fit to

the forward characteristic curve (as-grown sample) for V > 3kT=q

according to the thermionic emission theory.

Table I. Summary of the electrical characteristics of SBDs fabricated on

as-grown and processed n-type GaAs.

Sample IR (�1V) (A) �b (eV) n

as-grown 3:47� 10�10 0.93 1.03

SiO2+RTA 4:02� 10�7 0.73 1.65

As-implanted 2:73� 10�6 0.64 >2

As-implanted+RTA 1:85� 10�5 — —
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disordering produced higher trap densities in n-type GaAs
than impurity-free disordering, which results in the higher
electron/hole pair recombination within the depletion re-
gions of SBDs in the former case. A quantitative measure of
this is the more than 200 fold increase in the reverse current
of diodes fabricated on the implantation-disordered sample
compared to the impurity-free disordered one.

It is also well known that defects which introduce deep
levels close to the middle of the bandgap may act as efficient
recombination centers.21) Hence, the extent of free carrier
compensation, �ND, gives a direct indication of the
concentration of electron trapping sites and their diffusion
into the samples. Figure 2 illustrates the doping profiles of
the same four samples as in Fig. 1. The doping profiles were
extracted at room temperature from high frequency (1MHz)
capacitance–voltage measurements. The free carrier con-
centration of the impurity-free disordered GaAs sample is
similar to that of the as-grown samples. This result shows
that the impurity-free method retained the good crystalline
quality of the GaAs epilayer, i.e. defects in impurity-free
disordered n-GaAs are either created in low concentrations
and/or the defects are inefficient trapping centres at room
temperature. We have extracted the barrier height, �CV

b , of
diodes fabricated on the as-grown and impurity-free dis-
ordered GaAs layers from plots of 1=C2 versus V as
described in ref. 22. The values were �CV

b � ð0:90

0:02Þ eV and (0:74
 0:02) eV for SBDs fabricated on the
as-grown and impurity-free disordered GaAs layers, respec-
tively. These values are in good agreement with the
corresponding values extracted from the I–V curves in
Fig. 1. Our results are consistent with the previous proposi-
tion that surface processing results in the lowering of the
barrier height of diodes fabricated on n-type semiconduc-
tors.23,24) This reduction in barrier height has been proposed
to be due to the presence of donor-type defects in the near-
surface region of the processed semiconductor.25) The
lowering of barrier height of the diode fabricated on SiO2-

capped and annealed GaAs, therefore, explains its poorer
rectifying behavior (see Fig. 1). By comparison, �ND is
larger for the As-implanted GaAs than the impurity-free
disordered GaAs, which could account for the increased Rs

seen in the forward I–V curves of SBDs fabricated after ion
implantation. The sample implanted with 40 keV As (broken
curve in Fig. 2) was compensated up to depths exceeding
�0:8 mm. This shows that defects migrated to depths well
beyond the projected range of As ions in GaAs during ion
implantation. The apparent increase in the doping concen-
tration towards the surface arises from the presence of deep
acceptors that affect the capacitance signal within the
depletion region separated from the front edge of the
space-charge region.26) After RTA defects created mostly
within the top �20 nm of GaAs diffused beyond 1.1 mm. The
most pronounced �ND for implanted and annealed GaAs
reveals that the sample contained a larger concentration of
electron trapping sites than the as-implanted sample. Con-
sequently, diodes fabricated on the implanted and annealed
sample had the poorest rectifying properties. We have not
been able to extract the barrier height of diodes fabricated on
the implantation-disordered sample from C–V measure-
ments because of their non-linear 1=C2 versus V curves
close to zero bias. The results shown in Figs. 1 and 2 are,
therefore, in good agreement.

The results shown in Figs. 1 and 2 (especially the extent
of free carrier compensation) indicate that ion implantation
and the impurity-free method may introduce different sets of
defects with different electronic properties and concentra-
tions. Figure 3 illustrates DLTS spectra of defects created by
the impurity-free method [curve (b)] and by ion implantation
both before [curve (c)] and after [curve (d)] RTA. Spectrum
(a) was taken from the as-grown GaAs epilayers and shows
the presence of only the EL2 with a concentration �2�

Fig. 2. Doping profiles extracted from capacitance–voltage measurements

for the four samples described in legends. The high frequency (1MHz)

measurements were performed at room temperature.

Fig. 3. DLTS spectra taken from the as-grown [curve (a)], SiO2-capped

and annealed [curve (b)], As-implanted [curve (c)], and As-implanted and

annealed [curve (d)] samples. The spectra correspond to the (3.2 s)�1 rate

window and have been offset intentionally for clarity. DLTS measure-

ments could not be performed above room temperature for the ion

implanted samples because of their leaky character.
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1013 cm�3. The Arrhenius plots from which the ‘‘signatures’’
(activation energy, Et, and apparent capture cross-section,
�a) of the defects were extracted are shown in Fig. 4. The
electronic properties of the defects are summarized in
Table II. Three prominent electron traps (S1, S2, and S4)
were introduced in the impurity-free disordered layers. We
have recently reported on the electronic and isochronal
annealing properties of these defects.27,28) Defect S2 was
tentatively identified as a complex involving the gallium
vacancy and Si dopant atoms (i.e. VGa–SiGa).

27) This
tentative identification was reached following the previous
results of Kuzuhara et al.29) and Ito et al.30) Kuzuhara et al.
studied the outdiffusion of Ga atoms from GaAs into SiOxNy

capping layers following annealing at 850�C for 15min in an
N2 atmosphere. Furthermore, they used both horizontal
Bridgeman and liquid encapsulated Czochralski grown n-
type GaAs. That study found a correlation between the
concentration of outdiffused Ga atoms and the concentration
change of the electron trap EL5 (Et ¼ EC � 0:45 eV), and

went on to propose that the likely candidate for EL5 would
be a defect complex involving VGa, such as the Ga vacancy–
As antisite complex, VGa–AsGa, and Ga vacancy–Si donor
complex,VGa–SiGa.

29) It is worth pointing out here that
Fig. 2 shows no significant free carrier compensation in the
impurity-free disordered n-GaAs layer, which may at first
appear to contradict the net donor loss in ref. 29. We believe
that the minimal compensation in Fig. 2 relates to the much
shorter annealing time of 30 s used in the present study
compared to the longer (>40min) time used in ref. 29 to
observe any donor loss. Furthermore, Ito et al.30) reported on
a similar defect in their SiO2-capped and annealed n-GaAs
epilayers grown by molecular epitaxy on Si-substrates, and
proposed that the defect, which they labelled R3, was a Si-
related defect. Hence, our previous identification of S2 as the
VGa–SiGa defect follows directly from our own results27) and
those reported in refs. 29 and 30. However, the filling pulse-
width dependence measurements (Fig. 5) clearly indicate
that S2 is, in fact, the superposition of two defect peaks. The
two distinct steps in the curve for S2 (open circles) is
characteristic of two deep levels having different capture-
cross sections. It is pointed out here that the defect S2
reported in our previous investigations was measured using a
pulse width, tp ¼ 0:2ms,27,28) corresponding to the defect
giving rise to the first plateau in Fig. 5. In the present study,
we have used tp ¼ 50ms for all spectra shown in Fig. 3. The
difference between the values of Et reported here and in our
previous studies can, therefore, be explained by the different
filling pulse widths we have used in our studies. In our
previous studies,27,28) we have shown that defect S2
(measured using tp ¼ 0:2ms) was introduced uniformly
within the top �0:8 mm of the impurity-free disordered GaAs
samples (concentration �2� 1014 cm�3 for 900�C RTA),
whereas the concentration of S4 decreased exponentially
below the surface with a characteristic decay length,
� � 0:2 mm (extrapolated surface concentration �3�
1014 cm�3 for 900�C RTA). We have previously proposed

Fig. 4. Arrhenius plots from which the activation energies, Et, and

apparent capture cross-sections, �a, of the defects were extracted.

Table II. Electrical signatures of electron traps in as-grown and rapid

thermally annealed SiO2-capped and 40 keV As-implanted n-type GaAs

epitaxial layers.

Defect Activation energy, Capture cross
Remarks

Et (eV) section, �a (cm
2)

EL2 0:82
 0:04 2� 10�13 as-grown

S1 0:23
 0:02 7� 10�15 Et is field

dependent27,28)

S2 0:53
 0:02 8� 10�14 superposition of

2 defects, including

VGa–SiGa
27,28)

S4 0:74
 0:03 2� 10�13 member of EL2 family

of defects27,28)

As1 0:32
 0:02 1� 10�15

As2 0:61
 0:03 2� 10�14 band of defects

AsA2 0:49
 0:02 3� 10�14

Fig. 5. Dependence of the peak intensities of defects S2 and As2 on the

filling pulse width. The measurements were performed at the peak

temperature of defects using a rate window of (3.2 s)�1.
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that S4 is a member of the EL2 family of defects, and those
discussions can be found in refs. 27 and 28. The accurate
depth profiling of S1, the origin of which is still unknown to
us, is limited by its strong electric-field-assisted electron
emission kinetics.28)

The low-energy As ion implantation introduced two
electron traps As1 and As2 in GaAs. For accurate determi-
nation of the ‘‘signature’’ of these defects, we have chosen
reverse bias and filling pulse conditions so that we monitor
only emission from defects in a region far enough below the
surface where �ND < 0:1. Although, As2 exhibits the
emission property (see Fig. 4) typical of a discrete electron
trap, its broad and skewed profile [curve (c) in Fig. 3]
suggests that it is most probably a superposition of several
discrete levels or a continuous distribution of defect states.
Indeed, the results shown in Fig. 5 (solid circles) reflect the
non-discrete nature of As2. After RTA, one hole trap (AsA1)
and one electron trap (AsA2) were observed in the heavily
compensated ion implanted GaAs. We point out here that the
severe carrier compensation incurred in the implanted
samples prevented the quantitative defect depth profile
measurements. However, the free carrier compensation
observed from the doping profiles shown in Fig. 2, gives
us a good indication of the relative concentration of defects
and their diffusion lengths. Furthermore, we have not been
able to determine the accurate ‘‘signature’’ of the hole trap
AsA1. The leaky character of diodes fabricated on the
implanted layers, as illustrated in Fig. 1 and the summary of
results in Table I, prevented DLTS measurements above
room temperature. Although the peak intensities of defects
shown in Fig. 3 are of the same order magnitude, it does not
follow that the concentrations of defects in the implanted
and impurity-free disordered samples were the same, as
evidenced by the vastly different extent of free carrier
compensation (see Fig. 2) produced by the two methods.

The results presented above have shown that the impurity-
free method retains the better electrical quality of the GaAs
epilayers compared to ion implantation-induced disordering.
During RTA, donor type defects may be introduced close to
the GaAs/SiO2 interface, due to either the outdiffusion of Ga
atoms into the SiO2 or metallurgical reactions between the
GaAs surface and the capping layer, which results in the
decrease of barrier height of Au SBDs fabricated on the
processed surface. This lowering in barrier height is
accompanied by the degraded rectifying behavior of the
diodes. However, the doping concentration beyond the zero
bias depletion region (i.e. &300 nm) remains unchanged in
comparison with the as-grown sample. The result shown in
Fig. 2, therefore, demonstrate that the defect levels S1, S2,
and S4 [see Fig. 3(a)] created in rapid thermally-annealed
SiO2-capped n-GaAs epilayers are either inefficient electron
trapping centers or were not introduced in high concentra-
tions enough to produce similar reductions in free carriers as
ion implantation. In contrast, free carrier compensation was
observed in the low-energy As-implanted samples, with the
effect being much more pronounced after RTA. The highly
non-linear forward I–V characteristic curves of diodes
fabricated on the implanted layers revealed the current
transport was most probably dominated by the recombina-
tion-generation mechanism. The high level of free carrier
compensation in these samples was further evidence for the

presence of high densities of electron trapping sites. Ion-
implantation-induced and impurity-free disordering intro-
duced different sets of defects in the n-type GaAs layers,
which influenced charge transfer across the barrier differ-
ently. Furthermore, free carrier compensation up to depths
exceeding 1.1 mm demonstrates that the diffusion length of
defects created by ion implantation could be very large.

Finally, we note that, although, the efficient free carrier
trapping centers introduced by ion implantation may provide
the better frequency response of optical devices as shown by
previous studies,14,15) their presence has detrimental influ-
ence on the electrical properties of the semiconductor as
discussed above. The extent of free carrier compensation and
leakage current that can be tolerated in optoelectronic
devices have to be critically assessed before choosing the
disordering method to be used.

4. Conclusion

In summary, the electrical characteristics of impurity-free
disordered n-type GaAs are substantially different to the
properties of samples implanted with 40 keV As ions. I–V
measurements revealed that Schottky barrier diodes fabri-
cated on the SiO2-capped and annealed layers had better
characteristics than diodes fabricated on the As-implanted
samples. Compared to diodes fabricated on the as-grown
samples, the decrease in the barrier height of Au SBDs
fabricated on the impurity-free disordered layers could
account for their poorer rectifying behavior. Furthermore,
the highly non-linear forward characteristic curves on diodes
deposited on the implanted surface showed that the
recombination-generation mechanism dominated charge
transfer across the barrier. The presence of recombination
centers in the depletion region of ion implanted GaAs was
further evidenced by the corresponding compensation in free
carriers. The doping profiles also showed that the defects
created in a region confined to the near-surface of implanted
samples diffused to depths exceeding �0:8 mm. The en-
hanced diffusion of implantation-induced defects during
RTA resulted in the further free carrier compensation deeper
below the surface. The two methods used for creating
damage to the GaAs lattice produced two different types of
defects. Our results confirm that the defects created by the
impurity-free method (S1, S2, and S4) were introduced in
much lower concentrations than those created by ion
implantation. Since DLTS measurements could not be
performed above room temperature on the ion implanted
samples, we have not been able to observe the defect(s)
responsible for the large free carrier reduction in those
samples. The results discussed in this report demonstrate
unambiguously that the impurity-free method retains the
good crystalline quality of the GaAs epilayers compared to
implantation-induced disordering.
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