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Abstract—Structural, electrical, and ultrafast optical properties  ture (LT-GaAs) have been the subject of intensive studies
of fumace-annealed arsenic-ion-implanted GaAs (GaAs:AS) [6]. It exhibited nearly ideal electrical and optoelectronic
has been investigated for its applications in ultrafast optoelectron- properties for ultrafast optoelectronic applications. Recently
ics. From these studies, we determine that GaAs substrates im- L . .. . '
planted with 200-keV arsenic ions at 16 ions/cn? and furnace- a new class of arsenic-rich material, arsenlc_-lon-lmplar!ted
annealed at 500°C—-600°C would have recovered its crystallinity, GaAs or GaAs:As, has emerged as a potential alternative
be highly resistive, and exhibit picosecond photo-excited carrier to LT-GaAs [7]. The structural and electrical characteristics
lifetimes. The duration of the electrical pulses generated by of LT-GaAs and GaAs:AS have been shown to be quite
photoconductive switches (PCS’s) fabricated on the optimized similar [8], [9]. The ultrafast optical characteristics of the

material was =4 ps. The risetime (10%—90%) and 1/e falltime imolanted ic-rich GaA terials h b ted
were, respectively~2 and 3 ps. These results were measurement- as-implanted arsenic-rc S materals have been reporie

system limited. We estimated the actual response to be2 ps, [10]-[12]. Subpicosecond carrier lifetimes were observed.
consistent with a photo-excited carrier lifetime of~1.8 ps. The However, as-implanted or as-grown nonstoichiometric GaAs
peak responsivity was>4x 10" A/W. The dark current for the  obtained by using either the arsenic-ion-implantation or the
GaAs:Ast PCS biased at 40 V was as low as 5 nA. The break | 1\\gg process suffer from the following: the crystallinity
down field was higher than 150 kV/cm. These characteristics are S 4
comparable to those of state-of-the-art photoconductors such as of th_e_ m?te“al IS de_graded [13], [14]. As & result, the carrier
LT-GaAs. 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 TAs not yet
suitable for fabrication of ultrafast optoelectronic devices. To
. INTRODUCTION remedy this, rapid thermal annealing (RTA) has been success-
HOTOCONDUCTORS with ultrashort photo-excited carfully employed. The effects of RTA on photo-excited carrier
rier lifetime, good optical responsivity, high breakdowrifetime and electrical properties of GaAs : Asvere reported
field, and low dark current are essential for ultrafast optoeleld6]. Ultrafast photoconductive switches were demonstrated
tronic switching applications. Various classes of semicondued RTA-annealed GaAs : Asprepared by bombarding semi-
tors, e.g., intrinsic, impurity-dominated, radiation-damagetisulating (SI) GaAs substrates with 200-keV arsenic ions at
polycrystalline, and amorphous, have been explored as the dosage of 10 ions/cnt [10], [16]. We have also reported
trafast photoconductors [1]. In particular, the ion implantaticosecond photoconductive switches fabricated on low-dose-
tion technique has been employed extensively [2]-[5]. Cdfplanted GaAs:AS [17]. An interesting alternative to RTA
rier lifetimes as short as 0.5-0.6 ps have been reportedigurnace annealing. In this paper, we present a detailed study
the saturation limit for GaAs samples irradiated by prag®n the structural, electrical, and ultrafast optical properties
tons (H") [2]. Similar results were reported for oxygen-ionOf furnace-annealed GaAs:As The optimum processing
implanted silicon-on-sapphire (SOS) materials [5]. On thgondition is determined to be furnace-annealing at 80Gor
other hand, nonstoichiometric arsenic-rich GaAs grown B3P min. Picosecond photoconductive switches (PCS’s) were

molecular beam epitaxy (MBE) at low substrate temperfabricated on this material. The devices exhibit characteristics
better than or comparable to those of LT-GaAs.

Index Terms—Arsenic-ion-implanted GaAs, photoconductive
switch, ultrafast optoelectronics.
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furnace with flowing nitrogen gas. The annealing temperatueave plate (QWP), a half-wave plate (HWP), and a LitaO
was varied from 200C to 800°C. The annealing time was electrooptic probing crystal. The crystal was thinned and
30 min. polished down to 6Q: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
ll. EXPERIMENTAL METHODS estimated to be about 1 ps and:f, respectively.

For structural characterizations of the arsenic-ion-implanted
GaAs substrates, we employ double-crystal X-ray diffractom-
etry (DCXRD) and transmission electron microscopy (TEM) IV. STRUCTURAL AND ELECTRICAL PROPERTIES
techniques. In DCXRD, a standard GaAs crystal and @ Cu
source were employed to check the crystallinity @04) .
diffraction plane of the samples by measuring the rockirfyy PCXRD Diffractometry
curve. For TEM analysis, the samples were carefully polishedThe X-ray rocking curves for the as-implanted and annealed
and ion-milled to reduce its thickness down to several nanonsmples are shown in Fig. 1(a). The most significant side
ters. A JOEL model JEM-200CX electronic microscope witpeaks at the lower angle side of the curves are attributed to
resolution of 2A was utilized to obtain the cross-sectionalthe as-implanted layer. It is indicative of an expanded lattice
viewed photograph of bright field and associated diffractiotonstant for the implanted layer as compared with that of the
matrix patterns. For dark current measurements, SchottBy GaAs substrate (& 5.6533,&). The angular separation
diodes with thermally evaporated gold (O:8n thick) con- between principal and side peaks is about 240 arc/s. By
tacts were fabricated on GaAs:Assamples. Their current using the formula = Avy /[A6  sin 26p], [20] we estimate
voltage (—V) characteristics were then measured by using éime thickness of the as-implanted layérr 90 nm. In the
HP4145B semiconductor parametric analyzer. formula, A is the X-ray wavelengthyy is the direction cosine

For measurement of photo-excited carrier lifetime anaof the diffracted X-ray with respect to the surface normal,
transient index-of-refraction of the annealed samples, we is the Bragg's angle, and\@ is the angular separation
employed a standard pump-probe setup [11], [18]. Theetween adjacent maxima of the rocking curve. The thickness
light source was a home-made, passively mode-lockesdin good agreement with results of TRIM simulation of
Ti: sapphire/HITCI laser [11]. It generated optical pulses #he implantation profile. In general, the maximum deviation
82 MHz with a pulsewidth of about 130 fs. The polarizatiomf the lattice constantAa and the vertical strain between
and power ratio of pump and probe beams were paraltbe implanted region and the bulka/a can also be simply
and 50/1 in our experiment (400 mW/8 mW). The laservaluated from the rocking curve by using the Bragg's law,
wavelength was 0.86&am, which corresponds to an energyAa/a = —Af/tan 6y [21]. A more accurate depth-dependent
of only about 13 meV higher than the bandgap of GaAstrain profile was obtained by fitting the X-ray rocking curves
(1.42 eV). This wavelength was chosen to prevent either théth calculated strain profiles. The latter was obtained by using
intervalley scattering of the photo-excited carriers from the Phillips software package (HRD Simulation Software 1.0).
I band to the satellite band (usually tieband,AEr_; = The package is based on the usual kinematic theory for X-ray
300 meV) ink-space, or the emission of longitudinal opticahnalysis [22]-[24]. The depth-dependent strain profile of the
phonon AEr o = 36 meV). Thus the intraband relaxation anés-implanted GaAs: Al is shown in the inset of Fig. 1(b).
phonon scattering processes can be ignored in our experimefte maximum vertical strain if\a/a 0.35% at a depth of
The energy of the pump pulse mechanically chopped at &aBout 0.09:m below the surface. In comparison, Fujiokt
kHz was about 4£0.5 nJ. This corresponds to an estimatedl. [25] reported a maximum lattice expansion of 0.36% for
injection density of photo-excited carriers of about D' as-implanted GaAs: Alsin a numerical study. Similar X-ray
cm~3. The fractional change of the reflected probe beam waile peaks with an estimated lattice expansion of 0.008&s
detected by a pair of large area Si p-i-n diodes operatedadfso observed in LT-GaAs grown at 200. The corresponding
differential-detection mode and subsequently processed immaximum strain is onlyAa/a = 0.08~0.15% [26], [27].
lock-in amplifier operated in aK, §) mode. The detection After annealing, the X-ray sidepeak was observed to grad-
sensitivity of our system is usually better than—20 The ually shift toward the central peak. This leads to a slightly
transient change in reflectivinAR (in root mean square broadened and asymmetric central peak with a slowly decreas-
value) obtained from the lock-in amplifier was normalized ting tail toward the negative angular direction. For GaAstTAs
calculate fractional change in transient reflectivitg/2/R. annealed at and abovE, = 500 °C, the residual side peak
The transient refractive index chang&n was evaluated essentially merged into the central peak. The asymmetry of
by using the Simplified Kramers—Kronig relation [19], i.e.the wings was less pronounced. For samples annealEd-at
AR/R = 4An/(n? —1). 800 °C, the X-ray rocking curve is identical to that of SI

The ultrafast switching response of the switch was examin&hAs. A very similar trend was observed in LT-GaAs [28].
by using an external electrooptic sampling (EEOS) systeifihe average vertical strail\@/a )., Of GaAs : Ash annealed
The wavelength was set at O.8n. The pump power incident at different temperatures are shown in Fig. 1(b). These were
on the PCS was 140 mW while the probe power was 5 m¥Wbtained by integrating the strain profile over the implantation
or less. The reflective-mode electrooptic sampling modutkepth. Examining Fig. 1(a) and (b), we estimate that the
consists of a polarization beam splitter (PBS), a quartesritical annealing temperatures for the complete recovery of
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e T cm2 [29]. Furthermore, the concentration of Rs defects,
(a)as-implanted———_/ N[As ] ~ 2-9.9 x 10 cm=3, [30], [31] is one order
———— i of magnitude higher than that of As defects, N[A,,] ~
R 2-8 x 10'® cm™3 [32]. Now the structural and electrical
70 '5(_)0 250 0 250 500 characteristics of GaAs : Ashave been shown to be strikingly
Azimuth angle (arc second) similar to that of LT-GaAs [33]. We thus argue that the?As
(@) type defects would also be the most dominant traps for carriers
0.25 in GaAs:As". Next, we assume that N[As] is linearly
' proportional to Qa/a).y, in GaAs:As". This is based on
0.20 N ~ the empirical relation, N[A,] ~ 8.065 x 10?? - (Aa/a)avg
= . s reported for LT-GaAs by Liuet al. [32]. In analogy to LT-
£ 15 R 3 GaAs, we suppose that N[As] monotonically decreases from
5 [ i a maximum value 0f10?° cm~3 for as-implanted GaAs : Als
e o 0 . [8] down to the minimum value of about £ 10'¢ cm~3 for
g 0-10 - R . L 015 the unprocessed S| GaAs substrate [34]. We can then write
° I T that N[A.,] ~ 5.56 x 10°? (Aa/a).., for GaAs:As".
o — B . . . .
g 0.05 . The proportional constant in the expression is of the same
E I . order but slightly smaller than that for LT-GaAs. It correlated
0.00 | om- o ma ; :
. with the more severely damaged nature of the as-implanted
I : GaAs: As™ layer as compared with that of as-grown LT-GaAs.
0.05 0 o a0 80 800 As a result, GaAs:AS must be annealed at a temperature
Annealing Temperature (°C) higher than that for LT-GaAs to recover the crystallinity.

() As a supporting evidence, the concentration, N[Asof the

Fig. 1. (a) The double-crystal X-ray diffraction profiles of as-implanted angaAS, LA sample annealed at F’red'Cteq by Fig. 2
furnace-annealed GaAs : Assamples. (b) The average vertical strain in théV@s in reasonably good agreement with previously reported
GaAs:Ast samples are plotted as a function of annealing temperature. Tgalue of ~3 x 10® cm™2 from the capacitance-voltage

inset shows the depth-dependent strain profile of as-implanted GaAs: As measurement [35]_

The structural parametersda/a and N[AL.], of as-
crystallinity is 7, = 500 °C as opposed td, = 450°C for implanted and annealed GaAs “Asire summarized in Table
LT-GaAs [28]. I

The densities of the neutral As antisite ([Ag.,]) de-
fects in GaAs: A$ annealed at different temperatures can B8 TEM Analysis

evaluated from &a/a)..s. These are plotted as a function The cross-section views of the bright field TEM micro-
of T, in Fig. 2. The analysis is based on the followinggraphs of as-implanted and furnace-annealed GaA%:ats

it has been reported by several groups that three majof = 600 °C are shown in Fig. 3. The as-implanted sample
kinds of defects—Ag, antisite (including A$_- and Asf;,- is amorphous and reveals a nonstoichiometric and stress-rich
type defects), interstitial (A% and vacancy (Y,) defects structure. After annealing &, = 200°C for 30 min, the 90-

are present in LT-GaAs [29]-[32]. The concentration of them-thick implanted layer transformed into the polycrystalline
antisite defects is higher than the other kind of defects by jghase with grain boundaries.#, was increased up to 40,

least one order of magnitude. Typically, Nf¥] ~ 3 x 107 we found that the grain boundaries were almost not discernible.
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TABLE |
as-implant. 200°C 300°C 400°C 500°C 600°C 700°C 800°C
Aa/a 1.8e-3 1.06e-3 8.1le-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 ~3218 8.5e17 ~2el7
D, (nm) - - - - - 2.3 5 20
I (NA/pm?) 12 ~0.6 ~1 0.12 8.7e-5 5.2e5 0.05 ~3.3
7 (ps) 0.26~0.3 0.4~0.42 0.4%0.5 0.58-0.6 0.85~0.9 1.6-1.9 2.8 4.2-4.6
An (x1072) -1.1~-13 -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
o (x10~' cm?) ~0.19 ~0.21 ~0.22 ~0.39 ~1.2 ~1.5 ~2.1 >6
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Fig. 4. The diameter and density of arsenic precipitates in GaA$ : &®
plotted as a function of annealing temperature.

was reported to be % 107 cm™3 and 5-8 nm [36], [37].
(b) GaAs:As" samples RTA-annealed at 60C for 30 s were
Fig. 3. The cross-sectional views of the bright-field TEM micrographSt_III polycrys_talllne with a Iarge amount of grain bour_]da“.es'
and associated electron diffraction patterns of (a) as-implanted and ai)slocatlon lines, and defects [18]. If the RTA-annealing time
furnace-annealed GaAs:Asat T, = 600 °C. was increased from 30 s up to 10 min at temperature of

600 °C, the crystal regrowth and arsenic precipitating process

The implanted region exhibited a large number of dislocati pcome more pronounced [18]. For samples ann_egl@ﬁ &l .
defects in the GaAs matrix and stacking faults near the surfa e.0 °C,_we observed a large number Of. precipitates with
. g . arger diameters~5 nm) and lower density~1 x 10
No pr'eC|p|ta_te.s were observed, however. In comparison, tcne"r?’) in the bright-field micrographs. Very few dislocation
jgsoegucc ;Jrrlzcg);?tgijoeri_fézxvs? zfg]unlzcjotros‘;ﬁparg??r‘:\r’]eezr;e ‘fefeds were observgd. In .the electron diffraction pattern of
o ' : - the same sample, we identified less distinct spots superimposed
_at 1o = 500 C,_the sample appeared to be smgle—crystalllr%to the principal diffracted spots. This is interpreted as the
in the TEM micrograph. A large .number Of,CIUSter'typ?nanifestation of a decrease in number of As precipitates
defects, mostly coffee-bean type in shape with a few AR, the GaAs matrix. Still larger arsenic clusters20
precipitates, were observed. The sizes of the preC|p|tatﬁﬁ,l) with further reduced densities-8 x 10> cm~3) were
however, were still beyond the_ resolution limit of the TEMgpycarved when the annealing temperature was increased up
The density of clusters was estimated tobB0'" cm™2. For 4 gnog°C. The decreasing density may be attributed to both
samples annealed at 60C, we found the associated10) the precipitation into clusters of larger size and the out-
diffraction pattern to be perfectly crystalline. Some weak spogfusion of arsenic ions at high annealing temperatures. Our
in the diffraction pattern also indicate the existence of Agsults illustrate that the arsenic precipitating phenomenon and
precipitates in normal GaAs matrix. The crystal symmetipe fully crystalline regrowth of the implanted region were
was assigned as the 3-m rhombohedral As (metallic) groynere pronounced only at higher annealing temperatures. The
A significant number of arsenic precipitates and dislocatiafends in decreasing concentration but increasing size of As
defects were also observed. The concentration and mean piEipitates at higher annealing temperatures are shown in
of arsenic precipitates were aboutx2 10! cm~3 and 2-3 Fig. 4. The size and concentration of the arsenic precipitates
nm, respectively. In comparison, the concentration and sizea¥ a function of annealing temperature are also summarized

As clusters in the LT-GaAs annealed at the same temperatimeTable |.
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C. Electrical Characteristics 1 -
" : |
The leakage current densitiek,,,’s, of Schottky diodes |
fabricated on GaAs:As as a function ofZ, are shown in [ (a) as-implanted
Fig. 5. The diodes were biased at V. For example, the 1/ T
leakage current density for the as-implanted sample b3 "
nA/pm?. As we increased, from 200°C to 400°C, Iarx T
decreased from-6 to —1 nA/um?. Following our previous 0 10 20 30 40
analysis [38], the change from hopping conduction to thermal Delay time (ps)

em|35|or_1 me_Chamsm’ correspond_lng to the decline of den_sfﬂél. 6. The normalized time-resolved reflectivitAR/R of the ar-

of trapping sites after annealing, is thought to be responsillgic-ion-implanted GaAs samples annealed at different annealing tem-
for the recovery of the resistivity of the damaged surface layégratures.

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 x 10~* nA/um? was observed for samples annealed

at 500°C and 60C°C. This is attributed to the onset of arsenic
precipitation phenomenon presented in Section IV-B. It is@t
consistent with the buried Schottky barrier model proposed bg
Warrenet al.[39]. ForT, > 600°C, I, increased drastically &
and was as high as-3.3 nA/mn¥ for GaAs:As" annealed
at 7, = 800 °C. In Section IV-B, we have also shown that
the density of arsenic precipitates decreased as the number®f |
arsenic precipitates in the GaAs matrix dissolved for samples
annealed aff,, > 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 5 o0 a0 e s
concentration of very small As precipitates were more efficient Annealing Temperature (°C)

for increasing the resistivity of arsenic-implanted and furnac |_g 7. The photo-excited carrier lifetimes of the arsenic-ion-implanted GaAs

annealed n-type GaAs substrates than a smaller numbersgfiples annealed at different temperatures. The solid and dotted line are fitted
larger precipitates. As a result, the implanted layer becarmeves showing thd,' and exponential dependence (see also the inset which

more conductive ag, > 600°C. Furthermore, in our recent's @ semi-log ploy).

work [41], we have identified a shallow acceptor level located

at 0.3 eV above the valance band maxima for samples annealed V. ULTRAFAST OPTICAL PROPERTIES

at high temperatures. This level is related to the gallium Previously, we have reported subpicosecond photo-excited
vacancy (usually denoted &%;,)-related defects. Thedé;,- carrier lifetimes,r.’s, ranging from 0.19 to 0.28 ps in GaAs
related defects will lead to incomplete compensation betweinplanted with 200 keV arsenic ions at dosages fron¥ 10
deep donor and shallow acceptor defects. Consequently, 1182 ions/cn? [11]. For RTA-annealed GaAs: Asat 600 to
implanted layer becomes more leaky. In view of the ele800°C, 7.'s were observed to lengthen from 0.48 to 2.3 ps
trical characteristics of GaAs:As the optimal annealing [18]. From results of femtosecond time-resolved reflectivity
temperature for device applications is between S@and measurements (see Fig. 6) performed in this paper, we find that
600 °C. photo-excited carrier lifetimes of furnace-annealed GaAs: As

Carrier Lifetime (ps)

2 -

arrier Lifet|

T
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Fig. 8. The peak transient refractive index chargeis plotted as a function
of the annealing temperature.

7.'s are plotted as a function of, in Fig. 7. ForT, <
500 °C, 7.'s were found to evolve relatively slowly with
increasingZ, and were all in the subpicosecond range. The \ o

are in the range 0&0.4 to 4.6 ps (200C < ¢.'s < 800°C)
with an approximate7;,)* dependence (inset of Fig. 7). The ﬂ\ /\ (7005 (x1)
o7

corresponding changes of the refractive indgy, were of !
the order of—2 to —3 x 1073. This is shown in Fig. 8.
The maximumAn is comparable with the value reported N R T
in previous works on either ars_enic-ion-implgnted GaAs [42] 13018 e on ;}‘]‘grgy zéﬁ‘,)) 155 1.60

or MBE grown LT-GaAs materials [43]. A sign reversal for

An was observed for 600C < 7, < 700 °C. The peak Fig. 9.. Results of the CW phptoreﬂectance (CWPR) measure_ment of
magnitude ofin was as large as 0.01 &, = 700°C. This Gai;AS, Sanples amealed at dferent emperatures, e cashd i shows
can be explained if the bandgap of GaAstAshrinks due

to bandgap renormalization toward shorter wavelength after

annealing. This picture is in agreement with results of the cw The ultrafast carrier lifetimes are consistent with structural
photoreflectance (CWPR) experiment, as shown in Fig. 9. TABd electrical characterization of GaAs:Aghat demon-
signal-to-noise ratio (SNR) of the CWPR data for Samp|§§,rated ultrahigh densities of defects present in the samples. For
annealed at lower temperatures are relatively poor. This€&%¥ample, the densny of neutral As antisite defects remained
due to the surface Fermi-level pinning effect, which strongh¥2 x 107 cm™? atT,, as high as 800C. Arsenic precipitates,
attenuates the modulated pump signal and the probe be&g\vever, were not observed f@, < 600 °C. This suggests
reflected from the damaged surface. We observed a blue sHiftt arsenic clusters were not as important for the ultrafast
of the CWPR signal for samples annealed at 500< 7, < carrier trapping process in GaAs:Asas for LT-GaAs. We

700 °C. This may indicate a recovery on bandgap enerdiave evaluated the capture cross section of photo-excited
of GaAs:As" samples due to the reduction of defects negarriers in GaAs:A$ by using the Shockley-Read-Hall
the band edge. A sign change of the CWPR amplitude wigsombination theory [44]. In this model, = (Vo) ™",
observed at probe energy of 1.433 eV for samples anneafédere V; is the concentration of the carrier traps,is the
between 600°C and 700°C. As we have shown in Sectioncapture cross section for the photo-excited carriers, @apd

IV, the crystallinity of furnace-annealed GaAs :Asecovers is the thermal velocity of carriers in the photoconductor. We
approximately after furnace-annealingZat > 500°C for 30 first assumed thad, ~ N[As’ ]. Using data in Section IV,

min. Thus the sign reversal in both time-resolved reflectivitye find o ~ 0.2-0.4 x 10~!° cm? for samples annealed
and CWPR may be explained by the bandgap shrinkage effgttl. < 400 °C. The cross section increased up to 1x2
associated with the structural change. Bt = 800 °C, a 10~'* cn¥ for annealing temperatures in the range of 500
further sign reversal was observed in the CWPR signal. THi€-700°C. At T, = 800°C, o ~ 6-7 x 10~'* cn??, which

may correspond to a type change of the material from n-typeito at least three times as large a% at lower annealing
p-type. The reduction of deep-donor defects and the presetemperatures. To check these values, samples annealed at
of shallow acceptor defects in the samples may explain tfi§0 °C were also examined by using deep-level transient
result. The CWPR signal at 1.433 eV, however, is quite smalbectroscopy (DLTS) [36], [39]. Fitting from arrenius plot

for the sample annealed @, = 800 °C as compared with of the DLTS data, we obtainr ~ 7 x 10~!* cm?. On

that of samples annealed at lower temperatures. This is tlw¢ other hand, we can estimate by using the diameters
consistent with the trend for the transient reflectivity signabf the arsenic precipitates. That is, ~ wd*/4. These are
Further study is required for clarification. s ~ 2.8 x 10713, 2.0 x 107'3, and 3.14x 107'? cn?,
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2.0x10°3 RTA- and furnace-annealed low-dose-implanted PCS w&e
and 8 ps, respectively [17].

The dark current of an Auston-type GaAs 7A®CS with
a gap size of 3Qum 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 GaAstAsere
>10 nA and~100 ¢:A at the same bias.

With a bias voltage of 20 V, the responsivity of the PCS
e operated in CW and pulse mode were 0.004 A/W 03

0 5 10 15 20 25 30 ’ e .
Delay time (ps) A/W, respectively. The injected optical average powers were

Fig. 10. The electrooptically sampled switching response of a photg‘—00 mw (pUI_S_e m_Ode) and 3 mW (CW mOde)’ respectlvely.
conductive switch fabricated on arsenic-ion-implanted GaAs substraldl€ responsivity is somewhat larger than the value of the
furnace-annealed at 600C for 30 min. devices made on different materials such as LT-Ga#3.001
A/W) [45]. The higher responsivity may be attributed to the
contribution from the GaAs substrate since the thickness of the
respectively, for GaAs:As samples annealed df, = implanted layer was too thin to absorb the injected photons
600 °C, 700 °C, and 800°C. The corresponding densitiesentirely.
of the arsenic precipitates were for the GaAsTAsamples
annealed at different temperatures weé¥g, ~ 2.0 x 10,
1.0 x 10'6, and 3.0x 10 cm~2, respectively. Accordinglyto ~ We have performed extensive structural, electrical, ultra-
the Shockley—Read—-Hall model, the expected lifetimes wouf@ist optical, and optoelectronic characterization of furnace-
be 5.1, 14.6, and 3.0 ps. These are not in agreement withnealed GaAs:As Structurally, we find the as-implanted
the experimental data. We conclude that point and structufa®As:As" to be amorphous. The crystallinity of the im-
defects such as the arsenic antisite defects, instead of arsgfaated region fully recovers foff;, > 500 °C. Arsenic
precipitates, are dominant as trapping centers of carrierspfecipitating process is observed f@, > 500 °C only.
furnace-annealed GaAs:AsThe capture cross sections andnstead, arsenic antisite defects,As are shown to be the
ultrafast optical properties of GaAs : Asare also summarized dominant carrier trap for carriers fdf, as high as 800C.
in Table 1. The trap densities are evaluated from the strain data and shown
to decrease from £0 for the as-implanted sample to2 x
107 cm~2 at 800°C. Increasing the annealing temperature
VI. ULTRAFAST OPTOELECTRONIC SWITCHING from 7, = 400 °C to 500°C, the dark current densities of
From the structural, electrical, and ultrafast optical chathe samples decrease drastically by two orders of magnitude
acterizations of GaAs: Alsin the previous sections, the op-to ~3 x 10~* nA/mm?. A sharp rise in/y. was then observed
timum processing condition for switching applications wertor 7, > 700 °C. This is explained in terms of the density
determined to be furnace-annealing at 60D and 30 min. and size of the average As precipitates for samples annealed at
A coplanar stripline (CPS) structure with its characteristidifferentZ,,’s. The photo-excited carrier lifetimes are found to
impedance of~75 Q2 was fabricated on this material. Theevolve slowly but remain subpicosecond in samples annealed
2-cm-long CPS consists of two 3@m-wide transmission lines at 200°C < 7, < 500 °C. Ther,’s then rise distinctly to
separated by 15m. The contact metal of the PCS was Au-T#.6 ps asl, is increased to 80@ with an approximately’*
(0.5m-0.03;:m). The photoconductively generated electricalependence. If we assumed thaizAsvas the dominant trap,
pulse as determined by the EEOS system exhibits a pulsewitlie capture cross sections of the deep-level trapping centers
of ~4 ps (FWHM). This is shown in Fig. 10. The risetime andh furnace-annealed GaAs:Asare in agreement with the
falltime of the impulse response were evaluated to be abd&hockley—Read—Hall model and estimated to be in the range of
2.2 and 3-4 ps, respectively. These are instrument-limité@i2—6x 10~!* cn?. The transient change in refractive indices
Dispersion effect may have broadened the pulse also, as ithef the same order as those of annealed LT-GaAs.Xhés
probe spot was located at 2 mm from the pump spot. Vés large as 0.01 for GaAs : Afurnace-annealed &f, > 600
estimated that the actual response of the PCS te-Beps. °C. A sign reversal irDn is observed at this temperature. We
This is consistent with 4. ~ 1.8 ps from transient reflectivity have tentatively attributed this phenomenon to the bandgap
measurement. In comparison, Weeta@l.[10] has reported that shrinkage effect. From the above studies, we have determined
the response time of the same device fabricated on GaAS : Athat GaAs substrate implanted with 200-keV arsenic ions at
RTA-annealed at 60@ for 15 s was~1.23 ps (FWHM). 10'¢ ions/cn? and furnace-annealed at 560—600°C for 30
Not long ago, we have also reported that ultrafast switchimgin would have recovered its crystallinity, be highly resistive,
response of PCS fabricated on low-dosage!{lidns/cn?) and exhibit picosecond photo-excited carrier lifetimes. Indeed,
implanted GaAs:A$ substrate. The switching response ofwitching responses as fast as 3—4 ps (instrument limited) were

1.5x103

1.0x10-3

5.0x104

Relative Amplitude (volt)

0.0

VIl. CONCLUSION
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realized for coplanar-stripline type PCS’s fabricated on the

above material. We estimated the actual response tecbe
ps, consistent with a photo-excited carrier lifetime 1.8
ps. The peak responsivity was4 x 10~2 A/W. The dark

[17]

current for the GaAs:As PCS biased at 40 V was as low!18l
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 i
the furnace-annealed GaAs :Ass an attractive alternative to

LT-GaAs for ultrafast optoelectronic applications. Eg%
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