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As™ and P implantation was performed on semi-insulati®j) and p-type InP samples for the
purpose of creating a material suitable for ultrafast optoelectronic applications. Sl InP samples were
implanted with a dose of X10%cm 2 and p-type InP was implanted with doses between 1

X 10" and 1x 10%cm™2. Subsequently, rapid thermal annealing at temperatures between 400 and
700 °C was performed for 30 sec. Hall-effect measurements, double-crystal x-ray diffraction, and
time-resolved femtosecond differential reflectivity showed that, for the highest-annealing
temperatures, the implanted Sl InP samples exhibited high mobility, low resistivity, short response
times, and minimal structural damage. Similar measurements on implastype InP showed that

the fast response time, high mobility, and good structural recovery could be retained while
increasing the resistivity. €002 American Institute of Physic§DOI: 10.1063/1.1493651

I. INTRODUCTION In this article, we have investigated the possibility to
achieve high resistivity and ultrashort photoexcited carrier
The discovery of ultrafast carrier recombination characHifetimes in As"- and P -implanted InP.
teristics in GaAs grown by molecular-beam epitaxy at low-
substrate temperaturésT-GaA9) > has led to continued re-
search into semiconductor materials for subpicosecon
optoelectronic applications. This is due to the fact that LT-  Semi-insulating Fe-doped InP samples were implanted
GaAs has such superior characteristics as short carrier lifewith As* and P~ ions at energies of 2 and 1 MeV, respec-
time, high resistivity &10°Q cm), and high-electron mo- tively, at a dose of X 10'®cm™2, and at a substrate tempera-
bility. It has been shown recently that ion implantation of ture of 200 °C. Therefore, damage profiles for both types of
GaAs can result in a material with properties similar to thosémplanted species placed the maximum damage at a depth of
of LT-GaAs*~® Broad studies made on LT-GaAs have led toapproximately 1um from the surface. The amount of dam-
the conclusion that non-stoichiometry of this material with a2g€ is expected to be higher for the Asnplanted sample
high-arsenic excess in the form of antisite defects and A§ue to the heavier ion mass. P-type epilayers with two dif-
precipitates is the main reason for high resistivity and fasférent carrier concentrations-3.4e17 and~1.3e18 crﬁ_3)
recombination of photocarrief‘s. were grown to a thickness oﬂ.S pm on seml-lnsulatlng_
These results have stimulated efforts to understand eled?” substrates by metal-organic chemical-vapor deposition,

trical and structural properties of LT indium phosphfd. and then implanted under the same conditions to doses be-
brop phosp tween 1x 10 and 1x10'*cm 2. Subsequently, samples

was found that the LT-InP epilayers were highly conductive ere annealed by rapid thermal annealiRGA) at 400, 500

and that the dominant intrinsic deep level defect was prese 00, and 700 °C for 30 s in an Ar atmosphere Time, reso,lved

. . . 1/ —3 8 . n y . -

In concentrations as high as fﬁ.m -~ The mechamsm '€ femtosecond differential reflectivity of the surface was mea-

sponsible for then-type condu_ct_lwty has been attrlt_Juted to sured using a standard wavelength-degenerate pump-probe

an .abgndant. presence of, Rntisites, introduced during off- setup. 75 MHz, 100 fs pulses from a mode-locked Ti:Sap-

stoichiometric InP growth at low temperature. . phire laser were tuned to a wavelength of 895 nm, exciting
The antisite defects in I1I-V materials have been inten-yhe samples with pump fluences fymp of 50 or 5ud e 2.

;ively stud_ied, and particulgrly in GaAs, the _arsenic antisiterime-resolved photoluminescenERPL) was measured us-

is responsible for the semi-insulating behavidn InP, the  ing a femtosecond self-mode locked Ti:sapphire laser. The

presence of these defects has a different character, creatipgser was tunable between 750 and 900 nm, the pulse width

(I_J. EXPERIMENT

n-type free carrier§. was 80 fs, the repetition rate 85 MHz, and the output power
was 200 mW ah=780 nm. Double-crystal x-ray diffraction
3Electronic mail: cyc109@rsphysse.anu.edu.au (DCXRD) and Hall-effect measuremeni®/an der Pauw

bPermanent address: Instituto de Fisica, UFRGS, Porto Alegre, Brazil. method® were also performed on these samples.
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FIG. 1. X-ray rocking curves from InP implanted at 200 °C with a dose of

1x10%cm 2. 1 MeV P" (a) and 2 MeV As (b). Spectra vertically shifted

for clarity. FIG. 2. Mobility (a), sheet carrier concentrati¢h), and sheet resistan¢e)

as a function of annealing temperature, for InP implanted witraRd As
to a dose of X10'cm=2.

IIl. RESULTS AND DISCUSSION

Figure 1 shows the DCXRD spectra fromi InP  mobility drops to 180 crh V™! s for the P -implanted
samples implanted with As and P to a dose of 1 sample and 40 cfV ! s ! for the As™-implanted sample;
X 10'®cm™2. The spectra are markedly different to those ob-n, increases te- 10t cm™~2 and R, drops to~10° Q/0 for
tained by AS ion implantation into GaAs for the same both As'- and P -implanted samples. The electrical proper-
dose!! for those samples which were unannealed or anties of the “as-implanted” sample, consistent with a material
nealed at or below 500 °C, there are periodic fringes on thé¢hat contains a large number of defects, are not changed sig-
negative angle side of the rocking curves. These fringes hawveificantly by annealing at temperatures below 500 °C. After
been associated with a region of positive str@rpansion  annealing at 600 °C, the effective mobility has increased to
created by implantation. Additional features can also be seete unimplanted value 0f-2000 cnf V™! s, the sheet
on the positive angle side of the main peak, which are probearrier concentration has peaked -atl0**cm 2, and the
ably related to vacancies caused by the implantation. Aheet resistance has dropped to a minimum~@0 Q/C].
slightly smaller periodicity is observed in the negative-angleAnnealing at 700 °C causes the mobility to risd.5 times
fringes for the As -implanted samples, evidence of a thicker above the unimplanted value 63000 cnf V™! s™% For
region of damage in comparison to the"-fnplanted annealing temperatures above 500 AChecomes very large
samples. An annealing temperature of 600 °C is sufficient t@nd the sheet resistance decreases accordingly, indicating the
relieve most of the expansive strain in both sets of samplegresence of shallow donorlike levels.
After annealing at 700 °C, the DCXRD spectra appear simi-  Disruption of the Fe doping sites, whose role in the sub-
lar to those of the unimplanted samples. The broader fulktrate is to compensate for inevitable shallow donor forma-
width at half maximum of the main peak is indicative of tion during crystal growth, may have allowed the donors to
residual defects in the material. reactivate and contribute to the large sheet carrier concentra-

Figure 2 shows evolution of the mobility., the sheet tion. The presence of this effect is also indicated by the very
carrier concentratiomg, and the sheet resistan&, with high-mobility values for annealing at 700 °C. However, the
varying annealing temperature, determined from Hall-effectypical Fe doping concentration isx110*®cm™3, resulting
measurements. The corresponding values in an unimplantéd a sheet concentration ofX110?cm 2 in a 1-um-thick
semi-insulating InP wafer are approximately 2000°am*  layer of InP. Thus, even if all the Fe acceptors were deacti-
s 1 10°ecm2, and 3x 10° /01, respectively. The electrical vated, the maximum increaserig that could be achieved by
properties of the samples are similar, irrespective of whethethis mechanism is of the order ofx110*?cm™2. It can be
they were implanted with Asor P*. After implantation, the seen that at annealing temperatures greater than 50Q i€,
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FIG. 4. Mobility (a), sheet carrier concentratidh), and sheet resistan¢e)

as a function of P implant dose, fop-type InP with hole concentrations
~ 7 ~ 8 —3 o

annealed at 700 °Qunimplanted trace shown by dotted lneFpm, 3.4x10'" and ~1.3x10"°cm . Samples annealed at 600 °C for 30 s.

=50 1% cm™2 corresponding to an injection density 612 10 cn . Open symbols signifyp type, and closed symbols signify type. Joining

_ lines are guides for the eye only.
Insets show traces fd,,m=5 uJx cm 2, 9 4 y

FIG. 3. dR/R signals of P implanted(a), and As implanted(b) samples

The data for low-pump fluencé uJxcm 2) were normal-

in excess of 1Bcm™2. Additionally, the similarity of the ized after the background values were subtracted, and the
Hall-effect data from A$- or P"-implanted samples sug- delays at which the dR/R value fell toelivere taken as
gests that the implantation species is not responsible for theharacteristic trapping related response times. These were
annealing-induced changes. Hence, the conclusion that the8ed ps in the P-implanted case and 0.6 ps in the
shallow donorlike levels are created by defects in the crystals™ -implanted case.
structure itself, as a result of the implantation and annealing The results thus far have indicated that it is possible to
process?13 create a good quality material with a fast response time and

Figure 3 presents the time evolution of normalized dif-good mobility by implanting semi-insulating InP and anneal-
ferential surface reflectivitydR/R). Typically, these differen- ing at high temperatures, but at the expense of low-sheet
tial signals originate in the refractive index chanya, in-  resistance. Low-sheet resistance is associated with high-dark
duced by the optically generated carriers. Since theurrents in photodetectors and is therefore considered unde-
measurement wavelengith=895 nn) is shorter than the sirable. However, such materials may still find application as
band-gap wavelengti\gz=917 nm),An and dR/R are both saturable absorbers for the mode locking of solid-state lasers.
positive. Comparing the signal from the unimplanted sampleContinuing with the main aim of producing fast photodetec-
[dashed curve in Fig. (B)] with those from implanted tors, p-type epilayers were used for a round of similar ex-
samples illustrates the drastic change induced by ion implarperiments, to see if the donors produced by implantation
tation and annealing. The initial peak in all cases correspondsould be compensated for.
to the pump-probe correlation, after which carriers thermal-  Figure 4 shows the Hall-effect results fof Bmplanta-
ize, undergo cooling and trapping, and for long delay timedion into two differentp-type InP samples at doses between
(tens of ps-not shown undergo recombination 1x10Y and 1x10%cm 2, and subsequently annealed at
processe$*!®In the data, taken with a pump fluence of 50 600 °C. Within this range, a critical dose exists at which
wJxcm™2, there is a slight “shoulder” visible following the implantation compensates tpetype material. For an accep-
pump-probe correlation peak. This may be attributed to hotor concentration of-3.4x 10" cm™3, an implant dose be-
carrier dynamics, induced by two-photon absorption at hightween 18% and 13“cm™? is required. For an acceptor con-
pump fluencegcompare insets for low-fluence excitatjon centration of ~1.3x 10®¥cm 3, an implant dose between
Figure 3 clearly shows that even at high-annealing temperat0'* and 13°cm™? is required. Further experiments within
tures traps still exist, in agreement with the DCXRD results this critical range could pinpoint the exact dose for transition
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and subsequent annealing at temperatures between 400 and

18] m 700°C were investigated using DCXRD, Hall-effect mea-

161 surements, time-resolved femtosecond differential reflectiv-
R 147 . ity, and photoluminescence. Annealing at high temperatures
8 121 u (700°Q is required to remove strain and reduce defects in-
E 12: \_ trc_Jduc.ed durin'g imp.Iantation. This: also results i.n a material
= 6l semi-insulating InP implanted with Wlth h|gh mobility, hlgh-sheet carrier _concentrathn, low re-
5 0 sistivity, and shortpicosecongicarrier lifetime. AS implan-

4 1 MeV P" ions to 10'® cm?, and

N tation results in a slightly faster material thaii Rnplanta-
21 annealed at 600°C for 30s

tion. By choosing the appropriate implant dopeype hole
10™ 1(')15 1616 concentration, and annealing temperatypseype InP im-
planted with P ions could be used for the fabrication of
ultrafast photodetectors. Fprtype InP with a hole concen-
tration of ~ 10 cm™ 3 the critical implant dose lies between
FIG. 5. Plot of time-resolved photoluminescence decay timespftmP 10" and 16%cm 2, and for a hole concentration of
(Zgg;‘g ﬁ; chfs) irlnplantedl V(\j/itt? (gi‘zf%fgo‘i?gg of 1 MeV'Pions at  —108cm 3, the critical dose is between Y0 and

: quently annealed by s 10%cm™2, for the samples annealed at 600 °C.

Dose (cm”) -

from p- to n-type. This transition dose will also produce the
highest-sheet resistance values for implargdgpe InP.
Finally, in order to obtain characteristic times for the
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