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Abstract—Structural, electrical, and ultrafast optical properties
of furnace-annealed arsenic-ion-implanted GaAs (GaAs : As+)
has been investigated for its applications in ultrafast optoelectron-
ics. From these studies, we determine that GaAs substrates im-
planted with 200-keV arsenic ions at 1016 ions/cm2 and furnace-
annealed at 500�C–600�C would have recovered its crystallinity,
be highly resistive, and exhibit picosecond photo-excited carrier
lifetimes. The duration of the electrical pulses generated by
photoconductive switches (PCS’s) fabricated on the optimized
material was �4 ps. The risetime (10%–90%) and 1/e falltime
were, respectively,�2 and 3 ps. These results were measurement-
system limited. We estimated the actual response to be�2 ps,
consistent with a photo-excited carrier lifetime of�1.8 ps. The
peak responsivity was�4�10�3 A/W. The dark current for the
GaAs : As+ PCS biased at 40 V was as low as 5 nA. The break
down field was higher than 150 kV/cm. These characteristics are
comparable to those of state-of-the-art photoconductors such as
LT-GaAs.

Index Terms—Arsenic-ion-implanted GaAs, photoconductive
switch, ultrafast optoelectronics.

I. INTRODUCTION

PHOTOCONDUCTORS with ultrashort photo-excited car-
rier lifetime, good optical responsivity, high breakdown

field, and low dark current are essential for ultrafast optoelec-
tronic switching applications. Various classes of semiconduc-
tors, e.g., intrinsic, impurity-dominated, radiation-damaged,
polycrystalline, and amorphous, have been explored as ul-
trafast photoconductors [1]. In particular, the ion implanta-
tion technique has been employed extensively [2]–[5]. Car-
rier lifetimes as short as 0.5–0.6 ps have been reported as
the saturation limit for GaAs samples irradiated by pro-
tons (H ) [2]. Similar results were reported for oxygen-ion-
implanted silicon-on-sapphire (SOS) materials [5]. On the
other hand, nonstoichiometric arsenic-rich GaAs grown by
molecular beam epitaxy (MBE) at low substrate tempera-
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ture (LT-GaAs) have been the subject of intensive studies
[6]. It exhibited nearly ideal electrical and optoelectronic
properties for ultrafast optoelectronic applications. Recently,
a new class of arsenic-rich material, arsenic-ion-implanted
GaAs or GaAs : As, has emerged as a potential alternative
to LT-GaAs [7]. The structural and electrical characteristics
of LT-GaAs and GaAs : As have been shown to be quite
similar [8], [9]. The ultrafast optical characteristics of the
as-implanted arsenic-rich GaAs materials have been reported
[10]–[12]. Subpicosecond carrier lifetimes were observed.
However, as-implanted or as-grown nonstoichiometric GaAs
obtained by using either the arsenic-ion-implantation or the
LTMBE process suffer from the following: the crystallinity
of the material is degraded [13], [14]. As a result, the carrier
mobility is substantially lower [12], [15]. This also leads to
a defect-dominated hopping conducting mechanism, which
destroys the highly resistive nature of the original substrate
[8], [15]. Consequently, the as-implanted GaAs : Asis not yet
suitable for fabrication of ultrafast optoelectronic devices. To
remedy this, rapid thermal annealing (RTA) has been success-
fully employed. The effects of RTA on photo-excited carrier
lifetime and electrical properties of GaAs : Aswere reported
[16]. Ultrafast photoconductive switches were demonstrated
on RTA-annealed GaAs : Asprepared by bombarding semi-
insulating (SI) GaAs substrates with 200-keV arsenic ions at
the dosage of 10 ions/cm [10], [16]. We have also reported
picosecond photoconductive switches fabricated on low-dose-
implanted GaAs : As [17]. An interesting alternative to RTA
is furnace annealing. In this paper, we present a detailed study
on the structural, electrical, and ultrafast optical properties
of furnace-annealed GaAs : As. The optimum processing
condition is determined to be furnace-annealing at 600C for
30 min. Picosecond photoconductive switches (PCS’s) were
fabricated on this material. The devices exhibit characteristics
better than or comparable to those of LT-GaAs.

II. SAMPLE PREPARATION

The substrates were liquid-encapsulated-Czochralski (LEC)
grown SI GaAs wafers. For implantation of arsenic ions, we
employ a commercial apparatus (Varian E220). The implant-
ing dosage and energy were 10ions/cm and 200 keV,
respectively. Typical current density value was 1 mA/cm.
The exposure time subject to the samples was 10–15 min. The
postannealing process was performedex situ by the encap-
sulated thermal annealing technique. We used a quartz-tube
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furnace with flowing nitrogen gas. The annealing temperature
was varied from 200 C to 800 C. The annealing time was
30 min.

III. EXPERIMENTAL METHODS

For structural characterizations of the arsenic-ion-implanted
GaAs substrates, we employ double-crystal X-ray diffractom-
etry (DCXRD) and transmission electron microscopy (TEM)
techniques. In DCXRD, a standard GaAs crystal and a Cu
source were employed to check the crystallinity on
diffraction plane of the samples by measuring the rocking
curve. For TEM analysis, the samples were carefully polished
and ion-milled to reduce its thickness down to several nanome-
ters. A JOEL model JEM-200CX electronic microscope with
resolution of 2Å was utilized to obtain the cross-sectional-
viewed photograph of bright field and associated diffraction
matrix patterns. For dark current measurements, Schottky
diodes with thermally evaporated gold (0.5m thick) con-
tacts were fabricated on GaAs : Assamples. Their current
voltage ( – ) characteristics were then measured by using an
HP4145B semiconductor parametric analyzer.

For measurement of photo-excited carrier lifetime and
transient index-of-refraction of the annealed samples, we
employed a standard pump-probe setup [11], [18]. The
light source was a home-made, passively mode-locked
Ti : sapphire/HITCI laser [11]. It generated optical pulses at
82 MHz with a pulsewidth of about 130 fs. The polarization
and power ratio of pump and probe beams were parallel
and 50/1 in our experiment (400 mW/8 mW). The laser
wavelength was 0.865m, which corresponds to an energy
of only about 13 meV higher than the bandgap of GaAs
(1.42 eV). This wavelength was chosen to prevent either the
intervalley scattering of the photo-excited carriers from the

band to the satellite band (usually theband,
300 meV) in -space, or the emission of longitudinal optical
phonon ( 36 meV). Thus the intraband relaxation and
phonon scattering processes can be ignored in our experiments.
The energy of the pump pulse mechanically chopped at 3.2
kHz was about 4 0.5 nJ. This corresponds to an estimated
injection density of photo-excited carriers of about 110
cm . The fractional change of the reflected probe beam was
detected by a pair of large area Si p-i-n diodes operated in
differential-detection mode and subsequently processed in a
lock-in amplifier operated in a ( ) mode. The detection
sensitivity of our system is usually better than 10. The
transient change in reflectivity (in root mean square
value) obtained from the lock-in amplifier was normalized to
calculate fractional change in transient reflectivity, .
The transient refractive index change was evaluated
by using the Simplified Kramers–Kronig relation [19], i.e.,

.
The ultrafast switching response of the switch was examined

by using an external electrooptic sampling (EEOS) system.
The wavelength was set at 0.8m. The pump power incident
on the PCS was 140 mW while the probe power was 5 mW
or less. The reflective-mode electrooptic sampling module
consists of a polarization beam splitter (PBS), a quarter-

wave plate (QWP), a half-wave plate (HWP), and a LiTaO
electrooptic probing crystal. The crystal was thinned and
polished down to 60 m and placed upon the PCS. The probe
point was about 2 mm away from the photoconductive gap.
The temporal and spatial resolutions of the current system were
estimated to be about 1 ps and 5m, respectively.

IV. STRUCTURAL AND ELECTRICAL PROPERTIES

A. DCXRD Diffractometry

The X-ray rocking curves for the as-implanted and annealed
samples are shown in Fig. 1(a). The most significant side
peaks at the lower angle side of the curves are attributed to
the as-implanted layer. It is indicative of an expanded lattice
constant for the implanted layer as compared with that of the
SI GaAs substrate (a 5.6533 Å). The angular separation
between principal and side peaks is about 240 arc/s. By
using the formula , [20] we estimate
the thickness of the as-implanted layer, 90 nm. In the
formula, is the X-ray wavelength, is the direction cosine
of the diffracted X-ray with respect to the surface normal,

is the Bragg’s angle, and is the angular separation
between adjacent maxima of the rocking curve. The thickness
is in good agreement with results of TRIM simulation of
the implantation profile. In general, the maximum deviation
of the lattice constant and the vertical strain between
the implanted region and the bulk can also be simply
evaluated from the rocking curve by using the Bragg’s law,

[21]. A more accurate depth-dependent
strain profile was obtained by fitting the X-ray rocking curves
with calculated strain profiles. The latter was obtained by using
a Phillips software package (HRD Simulation Software 1.0).
The package is based on the usual kinematic theory for X-ray
analysis [22]–[24]. The depth-dependent strain profile of the
as-implanted GaAs : As is shown in the inset of Fig. 1(b).
The maximum vertical strain is 0.35% at a depth of
about 0.09 m below the surface. In comparison, Fujiokaet
al. [25] reported a maximum lattice expansion of 0.36% for
as-implanted GaAs : As in a numerical study. Similar X-ray
side peaks with an estimated lattice expansion of 0.0053Å was
also observed in LT-GaAs grown at 200C. The corresponding
maximum strain is only 0.08 0.15% [26], [27].

After annealing, the X-ray sidepeak was observed to grad-
ually shift toward the central peak. This leads to a slightly
broadened and asymmetric central peak with a slowly decreas-
ing tail toward the negative angular direction. For GaAs : As
annealed at and above 500 C, the residual side peak
essentially merged into the central peak. The asymmetry of
the wings was less pronounced. For samples annealed at
800 C, the X-ray rocking curve is identical to that of SI
GaAs. A very similar trend was observed in LT-GaAs [28].
The average vertical strain ( of GaAs : As annealed
at different temperatures are shown in Fig. 1(b). These were
obtained by integrating the strain profile over the implantation
depth. Examining Fig. 1(a) and (b), we estimate that the
critical annealing temperatures for the complete recovery of
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(a)

(b)

Fig. 1. (a) The double-crystal X-ray diffraction profiles of as-implanted and
furnace-annealed GaAs : As+ samples. (b) The average vertical strain in the
GaAs : As+ samples are plotted as a function of annealing temperature. The
inset shows the depth-dependent strain profile of as-implanted GaAs : As+.

crystallinity is 500 C as opposed to 450 C for
LT-GaAs [28].

The densities of the neutral As antisite ([As ]) de-
fects in GaAs : As annealed at different temperatures can be
evaluated from ( . These are plotted as a function
of in Fig. 2. The analysis is based on the following:
it has been reported by several groups that three major
kinds of defects—As antisite (including As - and As -
type defects), interstitial (As), and vacancy (V ) defects
are present in LT-GaAs [29]–[32]. The concentration of the
antisite defects is higher than the other kind of defects by at
least one order of magnitude. Typically, N[V] 3 10

Fig. 2. The concentration of [As0
Ga

] antisite defects in the GaAs : As+

samples plotted as a function of the annealing temperature.

cm [29]. Furthermore, the concentration of As defects,
N[As ] 2–9.9 10 cm , [30], [31] is one order
of magnitude higher than that of As defects, N[As ]
2–8 10 cm [32]. Now the structural and electrical
characteristics of GaAs : Ashave been shown to be strikingly
similar to that of LT-GaAs [33]. We thus argue that the As-
type defects would also be the most dominant traps for carriers
in GaAs : As . Next, we assume that N[As] is linearly
proportional to ( in GaAs : As . This is based on
the empirical relation, N[As ] 8.065 10
reported for LT-GaAs by Liuet al. [32]. In analogy to LT-
GaAs, we suppose that N[As] monotonically decreases from
a maximum value of 10 cm for as-implanted GaAs : As
[8] down to the minimum value of about 1 10 cm for
the unprocessed SI GaAs substrate [34]. We can then write
that N[As ] 5.56 10 for GaAs : As .
The proportional constant in the expression is of the same
order but slightly smaller than that for LT-GaAs. It correlated
with the more severely damaged nature of the as-implanted
GaAs : As layer as compared with that of as-grown LT-GaAs.
As a result, GaAs : As must be annealed at a temperature
higher than that for LT-GaAs to recover the crystallinity.
As a supporting evidence, the concentration, N[As] of the
GaAs : As sample annealed at 600C predicted by Fig. 2
was in reasonably good agreement with previously reported
value of 3 10 cm from the capacitance-voltage
measurement [35].

The structural parameters, and N[As ], of as-
implanted and annealed GaAs : Asare summarized in Table
I.

B. TEM Analysis

The cross-section views of the bright field TEM micro-
graphs of as-implanted and furnace-annealed GaAs : Asat

600 C are shown in Fig. 3. The as-implanted sample
is amorphous and reveals a nonstoichiometric and stress-rich
structure. After annealing at 200 C for 30 min, the 90-
nm-thick implanted layer transformed into the polycrystalline
phase with grain boundaries. If was increased up to 400C,
we found that the grain boundaries were almost not discernible.



LIN et al.: MATERIAL AND OPTOELECTRONIC PROPERTIES OF ARSENIC-ION-IMPLANTED GaAs 1743

TABLE I

as-implant. 200 �C 300�C 400�C 500�C 600�C 700�C 800�C

�a=a 1.8e-3 1.06e-3 8.1e-4 4e.4 8.7e-5 �3.79e-5 �1.5e-5 <3.8e-6

[AsGa] (cm�3) �=1e20 5.9e19 4.5e19 2.2e19 4.8e18 2�3e18 8.5e17 �2e17
Das (nm) – – – – – 2�3 5 20

Idark (nA/�m2) 12 �0.6 �1 0.12 8.7e-5 5.2e5 0.05 �3.3
� (ps) 0.26�0.3 0.4�0.42 0.47�0.5 0.58�0.6 0.85�0.9 1.6�1.9 2.8 4.2�4.6

�n (�10�2) �1.1� �1.3 �0.26� �0.33 �0.1� �0.21 �0.12� �0.18 �0.14� �0.21 �0.27� �0.32 0.6�0.66 0.85�0.97

� (�10�14 cm2) �0.19 �0.21 �0.22 �0.39 �1.2 �1.5 �2.1 �6

(a)

(b)

Fig. 3. The cross-sectional views of the bright-field TEM micrographs
and associated electron diffraction patterns of (a) as-implanted and (b)
furnace-annealed GaAs : As+ at Ta = 600 �C.

The implanted region exhibited a large number of dislocation
defects in the GaAs matrix and stacking faults near the surface.
No precipitates were observed, however. In comparison, the
arsenic precipitating process was found to occur atbetween
400 C and 475 C for LT-GaAs [28]. For samples annealed
at 500 C, the sample appeared to be single-crystalline
in the TEM micrograph. A large number of cluster-type
defects, mostly coffee-bean type in shape with a few As
precipitates, were observed. The sizes of the precipitates,
however, were still beyond the resolution limit of the TEM.
The density of clusters was estimated to be10 cm . For
samples annealed at 600C, we found the associated
diffraction pattern to be perfectly crystalline. Some weak spots
in the diffraction pattern also indicate the existence of As
precipitates in normal GaAs matrix. The crystal symmetry
was assigned as the 3-m rhombohedral As (metallic) group.
A significant number of arsenic precipitates and dislocation
defects were also observed. The concentration and mean size
of arsenic precipitates were about 2 10 cm and 2–3
nm, respectively. In comparison, the concentration and size of
As clusters in the LT-GaAs annealed at the same temperature

Fig. 4. The diameter and density of arsenic precipitates in GaAs : As+ are
plotted as a function of annealing temperature.

was reported to be 5 10 cm and 5–8 nm [36], [37].
GaAs : As samples RTA-annealed at 600C for 30 s were
still polycrystalline with a large amount of grain boundaries,
dislocation lines, and defects [18]. If the RTA-annealing time
was increased from 30 s up to 10 min at temperature of
600 C, the crystal regrowth and arsenic precipitating process
become more pronounced [18]. For samples annealed at
700 C, we observed a large number of precipitates with
larger diameters (5 nm) and lower density (1 10
cm ) in the bright-field micrographs. Very few dislocation
defects were observed. In the electron diffraction pattern of
the same sample, we identified less distinct spots superimposed
onto the principal diffracted spots. This is interpreted as the
manifestation of a decrease in number of As precipitates
from the GaAs matrix. Still larger arsenic clusters (20
nm) with further reduced densities (3 10 cm ) were
observed when the annealing temperature was increased up
to 800 C. The decreasing density may be attributed to both
the precipitation into clusters of larger size and the out-
diffusion of arsenic ions at high annealing temperatures. Our
results illustrate that the arsenic precipitating phenomenon and
the fully crystalline regrowth of the implanted region were
more pronounced only at higher annealing temperatures. The
trends in decreasing concentration but increasing size of As
precipitates at higher annealing temperatures are shown in
Fig. 4. The size and concentration of the arsenic precipitates
as a function of annealing temperature are also summarized
in Table I.
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Fig. 5. The dark current densities of Schottky diodes made on the ar-
senic-ion-implanted GaAs substrates annealed at different temperatures.

C. Electrical Characteristics

The leakage current densities, ’s, of Schottky diodes
fabricated on GaAs : As as a function of are shown in
Fig. 5. The diodes were biased at5 V. For example, the
leakage current density for the as-implanted sample was12
nA/ m . As we increased from 200 C to 400 C,
decreased from 6 to 1 nA/ m . Following our previous
analysis [38], the change from hopping conduction to thermal
emission mechanism, corresponding to the decline of density
of trapping sites after annealing, is thought to be responsible
for the recovery of the resistivity of the damaged surface layer.
A reduction of four orders of magnitude of the leakage current
from that of the as-implanted sample to a minimum of only
about 3 10 nA/ m was observed for samples annealed
at 500 C and 600 C. This is attributed to the onset of arsenic
precipitation phenomenon presented in Section IV-B. It is
consistent with the buried Schottky barrier model proposed by
Warrenet al. [39]. For 600 C, increased drastically
and was as high as 3.3 nA/mm for GaAs : As annealed
at 800 C. In Section IV-B, we have also shown that
the density of arsenic precipitates decreased as the number of
arsenic precipitates in the GaAs matrix dissolved for samples
annealed at 600 C. This behavior is also congruous
with the buried Schottky barrier model. It likewise agrees with
the work of Claverieet al. [40]. They showed that a large
concentration of very small As precipitates were more efficient
for increasing the resistivity of arsenic-implanted and furnace-
annealed n-type GaAs substrates than a smaller number of
larger precipitates. As a result, the implanted layer became
more conductive as 600 C. Furthermore, in our recent
work [41], we have identified a shallow acceptor level located
at 0.3 eV above the valance band maxima for samples annealed
at high temperatures. This level is related to the gallium
vacancy (usually denoted as )-related defects. These -
related defects will lead to incomplete compensation between
deep donor and shallow acceptor defects. Consequently, the
implanted layer becomes more leaky. In view of the elec-
trical characteristics of GaAs : As, the optimal annealing
temperature for device applications is between 500C and
600 C.

Fig. 6. The normalized time-resolved reflectivity�R=R of the ar-
senic-ion-implanted GaAs samples annealed at different annealing tem-
peratures.

Fig. 7. The photo-excited carrier lifetimes of the arsenic-ion-implanted GaAs
samples annealed at different temperatures. The solid and dotted line are fitted
curves showing theT 4

a
and exponential dependence (see also the inset which

is a semi-log plot).

V. ULTRAFAST OPTICAL PROPERTIES

Previously, we have reported subpicosecond photo-excited
carrier lifetimes, ’s, ranging from 0.19 to 0.28 ps in GaAs
implanted with 200 keV arsenic ions at dosages from 10to
10 ions/cm [11]. For RTA-annealed GaAs : Asat 600 to
800 C, ’s were observed to lengthen from 0.48 to 2.3 ps
[18]. From results of femtosecond time-resolved reflectivity
measurements (see Fig. 6) performed in this paper, we find that
photo-excited carrier lifetimes of furnace-annealed GaAs : As
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Fig. 8. The peak transient refractive index change�n is plotted as a function
of the annealing temperature.

are in the range of 0.4 to 4.6 ps (200C ’s 800 C)
with an approximate dependence (inset of Fig. 7). The

’s are plotted as a function of in Fig. 7. For
500 C, ’s were found to evolve relatively slowly with
increasing and were all in the subpicosecond range. The
corresponding changes of the refractive index,, were of
the order of 2 to 3 10 . This is shown in Fig. 8.
The maximum is comparable with the value reported
in previous works on either arsenic-ion-implanted GaAs [42]
or MBE grown LT-GaAs materials [43]. A sign reversal for

was observed for 600C 700 C. The peak
magnitude of was as large as 0.01 at 700 C. This
can be explained if the bandgap of GaAs : Asshrinks due
to bandgap renormalization toward shorter wavelength after
annealing. This picture is in agreement with results of the CW
photoreflectance (CWPR) experiment, as shown in Fig. 9. The
signal-to-noise ratio (SNR) of the CWPR data for samples
annealed at lower temperatures are relatively poor. This is
due to the surface Fermi-level pinning effect, which strongly
attenuates the modulated pump signal and the probe beam,
reflected from the damaged surface. We observed a blue shift
of the CWPR signal for samples annealed at 500C
700 C. This may indicate a recovery on bandgap energy
of GaAs : As samples due to the reduction of defects near
the band edge. A sign change of the CWPR amplitude was
observed at probe energy of 1.433 eV for samples annealed
between 600 C and 700 C. As we have shown in Section
IV, the crystallinity of furnace-annealed GaAs : Asrecovers
approximately after furnace-annealing at 500 C for 30
min. Thus the sign reversal in both time-resolved reflectivity
and CWPR may be explained by the bandgap shrinkage effect
associated with the structural change. At 800 C, a
further sign reversal was observed in the CWPR signal. This
may correspond to a type change of the material from n-type to
p-type. The reduction of deep-donor defects and the presence
of shallow acceptor defects in the samples may explain this
result. The CWPR signal at 1.433 eV, however, is quite small
for the sample annealed at 800 C as compared with
that of samples annealed at lower temperatures. This is not
consistent with the trend for the transient reflectivity signal.
Further study is required for clarification.

Fig. 9. Results of the CW photoreflectance (CWPR) measurement of
GaAs : As+ samples annealed at different temperatures. The dashed line shows
the pump wavelength for the time-resolved transient reflectivity experiments.

The ultrafast carrier lifetimes are consistent with structural
and electrical characterization of GaAs : Asthat demon-
strated ultrahigh densities of defects present in the samples. For
example, the density of neutral As antisite defects remained

2 10 cm at as high as 800C. Arsenic precipitates,
however, were not observed for 600 C. This suggests
that arsenic clusters were not as important for the ultrafast
carrier trapping process in GaAs : Asas for LT-GaAs. We
have evaluated the capture cross section of photo-excited
carriers in GaAs : As by using the Shockley–Read–Hall
recombination theory [44]. In this model, ,
where is the concentration of the carrier traps,is the
capture cross section for the photo-excited carriers, and
is the thermal velocity of carriers in the photoconductor. We
first assumed that N[As ]. Using data in Section IV,
we find 0.2–0.4 10 cm for samples annealed
at 400 C. The cross section increased up to 1–2
10 cm for annealing temperatures in the range of 500
C–700 C. At 800 C, 6–7 10 cm , which

is at least three times as large as’s at lower annealing
temperatures. To check these values, samples annealed at
600 C were also examined by using deep-level transient
spectroscopy (DLTS) [36], [39]. Fitting from arrenius plot
of the DLTS data, we obtain 7 10 cm . On
the other hand, we can estimateby using the diameters
of the arsenic precipitates. That is, /4. These are

2.8 10 , 2.0 10 , and 3.14 10 cm ,
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Fig. 10. The electrooptically sampled switching response of a photo-
conductive switch fabricated on arsenic-ion-implanted GaAs substrate
furnace-annealed at 600�C for 30 min.

respectively, for GaAs : As samples annealed at
600 C, 700 C, and 800 C. The corresponding densities
of the arsenic precipitates were for the GaAs : Assamples
annealed at different temperatures were 2.0 10 ,
1.0 10 , and 3.0 10 cm , respectively. Accordingly to
the Shockley–Read–Hall model, the expected lifetimes would
be 5.1, 14.6, and 3.0 ps. These are not in agreement with
the experimental data. We conclude that point and structural
defects such as the arsenic antisite defects, instead of arsenic
precipitates, are dominant as trapping centers of carriers in
furnace-annealed GaAs : As. The capture cross sections and
ultrafast optical properties of GaAs : Asare also summarized
in Table I.

VI. ULTRAFAST OPTOELECTRONICSWITCHING

From the structural, electrical, and ultrafast optical char-
acterizations of GaAs : As in the previous sections, the op-
timum processing condition for switching applications were
determined to be furnace-annealing at 600C and 30 min.
A coplanar stripline (CPS) structure with its characteristic
impedance of 75 was fabricated on this material. The
2-cm-long CPS consists of two 30-m-wide transmission lines
separated by 15m. The contact metal of the PCS was Au–Ti
(0.5 m–0.03 m). The photoconductively generated electrical
pulse as determined by the EEOS system exhibits a pulsewidth
of 4 ps (FWHM). This is shown in Fig. 10. The risetime and
falltime of the impulse response were evaluated to be about
2.2 and 3–4 ps, respectively. These are instrument-limited.
Dispersion effect may have broadened the pulse also, as the
probe spot was located at 2 mm from the pump spot. We
estimated that the actual response of the PCS to be2 ps.
This is consistent with a 1.8 ps from transient reflectivity
measurement. In comparison, Wanget al.[10] has reported that
the response time of the same device fabricated on GaAs : As
RTA-annealed at 600C for 15 s was 1.23 ps (FWHM).
Not long ago, we have also reported that ultrafast switching
response of PCS fabricated on low-dosage (10ions/cm )
implanted GaAs : As substrate. The switching response of

RTA- and furnace-annealed low-dose-implanted PCS were3
and 8 ps, respectively [17].

The dark current of an Auston-type GaAs : AsPCS with
a gap size of 30 m fabricated on the same substrate was
measured to be as low as 15 nA under a bias voltage of
40 V. The corresponding electric field biased across the gap
is higher than 150 kV/cm. Such low dark current indicates
that the annealed sample can sustain much higher bias voltage
before breakdown. In comparison, the dark currents of PCS’s
fabricated on SI GaAs and RTA-annealed GaAs : Aswere

10 nA and 100 A at the same bias.
With a bias voltage of 20 V, the responsivity of the PCS

operated in CW and pulse mode were 0.004 A/W and0.03
A/W, respectively. The injected optical average powers were
100 mW (pulse mode) and 3 mW (CW mode), respectively.
The responsivity is somewhat larger than the value of the
devices made on different materials such as LT-GaAs (0.001
A/W) [45]. The higher responsivity may be attributed to the
contribution from the GaAs substrate since the thickness of the
implanted layer was too thin to absorb the injected photons
entirely.

VII. CONCLUSION

We have performed extensive structural, electrical, ultra-
fast optical, and optoelectronic characterization of furnace-
annealed GaAs : As. Structurally, we find the as-implanted
GaAs : As to be amorphous. The crystallinity of the im-
planted region fully recovers for 500 C. Arsenic
precipitating process is observed for 500 C only.
Instead, arsenic antisite defects, As, are shown to be the
dominant carrier trap for carriers for as high as 800 C.
The trap densities are evaluated from the strain data and shown
to decrease from 10 for the as-implanted sample to2
10 cm at 800 C. Increasing the annealing temperature
from 400 C to 500 C, the dark current densities of
the samples decrease drastically by two orders of magnitude
to 3 10 nA/mm . A sharp rise in was then observed
for 700 C. This is explained in terms of the density
and size of the average As precipitates for samples annealed at
different ’s. The photo-excited carrier lifetimes are found to
evolve slowly but remain subpicosecond in samples annealed
at 200 C 500 C. The ’s then rise distinctly to
4.6 ps as is increased to 800C with an approximately
dependence. If we assumed that Aswas the dominant trap,
the capture cross sections of the deep-level trapping centers
in furnace-annealed GaAs : Asare in agreement with the
Shockley–Read–Hall model and estimated to be in the range of
0.2–6 10 cm . The transient change in refractive indices
is of the same order as those of annealed LT-GaAs. Theis
as large as 0.01 for GaAs : Asfurnace-annealed at 600
C. A sign reversal in is observed at this temperature. We

have tentatively attributed this phenomenon to the bandgap
shrinkage effect. From the above studies, we have determined
that GaAs substrate implanted with 200-keV arsenic ions at
10 ions/cm and furnace-annealed at 500C–600 C for 30
min would have recovered its crystallinity, be highly resistive,
and exhibit picosecond photo-excited carrier lifetimes. Indeed,
switching responses as fast as 3–4 ps (instrument limited) were
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realized for coplanar-stripline type PCS’s fabricated on the
above material. We estimated the actual response to be2
ps, consistent with a photo-excited carrier lifetime of1.8
ps. The peak responsivity was4 10 A/W. The dark
current for the GaAs : As PCS biased at 40 V was as low
as 5 nA. The breakdown field was higher than 150 kV/cm.
These characteristics are comparable to those of state-of-the-
art photoconductors such as LT-GaAs. We thus conclude that
the furnace-annealed GaAs : Asis an attractive alternative to
LT-GaAs for ultrafast optoelectronic applications.
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