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We have investigated the effect of beryllium doping on the optical nonlinearity and on the carrier
dynamics in low-temperaturgT) grown GaAs for various growth temperatures and doping levels.
Pump—probe experiments with 20 fs pulses and quantitative measurements of the nonlinear
absorption show that in undoped LT GaAs, ultrafast response times are only obtained at the expense
of low absorption modulation. In contrast, in Be-doped LT GaAs, high absorption modulation is
maintained for response times as short as 100 fs. These results are qualitatively explained
accounting for the point-defect-related optical transitions in LT-GaAs.1999 American Institute

of Physics[S0003-695(99)02509-7

Ultrafast all-optical switching devices based on IlI-V The substrates of the etch stop samples were removed by wet
semiconductor materidishave found many applications in etching to allow for transmission experiments. All samples
high-bit-rate communication systefrand in femto- and pi- were antireflection coated on the front surface. We have veri-
cosecond laser pulse generatidh.Ultrafast all-optical fied by x-ray diffraction and transmission electron micros-
switching with resonant nonlinearities requires materialscopy that the structural properties of the LT GaAs layers are
with a fast temporal response of the nonlinear absorptionndependent of the substrate type and that all layers have
high absorption modulation, and low absorption when thegood quality. The Bragg mirror samples were used for quan-
material is totally saturated, i.e., low nonsaturable losseditative measurements of the nonlinearity in a reflection ge-
Furthermore, the bandwidth of the nonlinearity has to beometry, since a more accurate calibration can be obtained
large for applications on the sub-100 fs time scale, requiringVith these samples, and for pump—probe with 100 fs pulses.
above-band gap excitation of the semiconductor continuunfhe etch stop samples were used for pump—probe experi-
transitions’ A standard approach for obtaining sub-ps re-ments in a transmission geometry with 20 fs pulses, for
sponse times in I1I-V semiconductors, such as GaAs, is lowWhich the bandwidth of the Bragg mirrors was too small. We
temperature(LT) growth.e Although the time response of note that all experiments measure absorption changes, inde-
LT-GaAs has been extensively investigafefinot much is ~Pendent of the type of sample and the geometry, and that the
known about the strength of the nonlinearity. In this |etter’effect|ve .sampl.e thickness in the reflection geometry is twice
we study both the nonlinearity and the time response of L 1the physical thickness. All optical measurements were per-

GaAs. We demonstrate that fast response times of undopd@med at room temperature. _

LT GaAs are only obtained at the expense of low absorption First, we recall some basic propgrt{es of undoped LT
modulation and high nonsaturable losses. Most significantl GaAs Durlng LT growth, excess AS is incorporated as As
we show that Be doping of LT GaAgields a material with antisite point defects As, which are doubleodonors close to
an ultrafast, 100 fs response time, high modulation, and Iov;[/he. center+of thg band 9ap. .Le-ss than 10% fof the/se
nonsaturable losses. Our results demonstrate that this mat'g—mzed.' A%a Wh”e.the major|ty_|s neutral, '%% The con-
rial is superior to undoped LT GaAs for all-optical switching centration of Ag, increases with decreasing growth tem-

> e ) ) peratureT, , reaching 18 cm3 for T,=200°C and a beam
applications. We will discuss the physics responsible fo . 0 1
these findings equivalent pressur€éBEP) of about 201 It is well estab-

lished that the fast ti fLT i t -
We have studied 500 nm thick as-grown molecular bea ished that the fast response time o GaAs is due to car

) MBE) LT GaAs | it q nal Mier trapping into defects, which becomes faster with de-
epitaxy (MBE) GaAs layers, either undopeghomina creasingT,.°"®!'Electrons are trapped into ionized As"**
growth temperatureT ;=200-580°C) or doped with 1

The temporal decay of the absorption modulation, mea-
X 10cm ™3 or 3x 10 cm™3 Be (nominal T4= 250, 300 °G. P y P

. sured in degenerate pump—probe experiments with 100 fs
These layers were either grown on oAGagAS/AIAS  1ses centered at 830 nm, is shown in Fig. 1 for 300°C

Bragg mirrors or on GaAs substrates with etch stop layersyrown samples, undoped or with different Be concentrations
[Be]. A faster response is obtained with increasing Be con-
3Electronic mail: haiml@ige.phys.ethz.ch centration. We characterize the temporal response by the 1/
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Time Delay (ps) carriers in LT GaA&'2and that trapping is slowed down due

FIG. 1. Normalized reflectivity change of 500 nm thick LT GaAs layers to Frap filing at higher Camler densities and longer t”ﬁe_s'
grown at 300°C for different doping levels: undopdd), [Be]=1 This is the reason why the time response measured at higher
% 10" cm 3 (b), and[Be]=3x 10"cm™2 (c). The 100 fs excitation pulses carrier densities (% 10®cm3) with 100 fs pulses is slower
were centered at 830 nfearrier density-5x 108 cm ™). Inset: 1 decay  than the one measured ak3.0 cm™2 with the 20 fs pulses.
E'g‘e?i f1°>r< follféﬂ]efs ?g)’ogBi?r:glislglﬁ C?;?‘Q’Ez)t'emperature: undemdd oy measurements with pulse widths well below 100 fs can
reveal the 100 fs time response of LT GaAs:Be.

The modulation and the nonsaturable losses are deter-
Fhined from guantitative measurements of the reflectivity as a
&linction of the pulse energy fluence. The experimental data

dec_ay forTg=_300°C while the deca_y foify=250°C re- are extrapolated to the linear regime and to arbitrarily high
mains essentially unchanged. Considerably faster responge -\ ces using the traveling wave rate equation model for a

times are obtai_ned.from pump-—probe experiments with ZQ f?\/vo—level absorbet>! This yields the linear and the maxi-
pulses(shown in Fig. 2 for the same set of samples as in ., o, reflectivityR,,, andR... We define the modulation as
Fig. 1. Again, we find that Be doping results in a faster initial R=R.—R. and the nonsaturable losses AR .—1
decay, as fast as 100 fs, which is clearly demonstrated by the Z\SS iIIlljnstrated in Fig. 3 ns

ns» . .

1/e decay times plotted versus growth temperature in the Figure 4 shows\R and AR, versus the response times

inset of Fig. 2. _ ) from Fig. 1, measured with 100 fs pulses. In undoped LT
We recgll thf'ﬂ the, Fermi level is Iowe_red upon acceptorGaAs, AR substantially decreases atkR, drastically in-
doping, Wh'_Ch gives rise to a larger fraction ofasand 0 creases for shorter response times corresponding to lower
the forma_tl??n of doubly charged & for high Be  ooth temperatures. A substantial improvement is obtained
concentration. Consequently, we attribute the faster re- by Be doping. The data clearly demonstrate that for a given

sponse for increased Be concentrations to enhanced eleCtrPé‘sponse time, LT GaAs:Be exhibits by far larger modulation

trapping due to the larger concentration of ionized antisitesand lower nonsaturable losses than undoped LT GaAs. Al-
in agreement with earlier workMoreover, we recall that

¢ i is foll dbv sl binati ¢ dternatively, for a given modulation a much faster response is
ast trapping Is followed by slower recombination of trappedpyained. This makes Be-doped LT GaAs a superior material

decay times, shown versus growth temperature in the ins
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FIG. 2. Normalized transmission change of 500 nm thick LT GaAs layers 0 2 4 6 8 10 12
grown at 300°C for different doping levels: undopdd), [Be]=1 Response Time (ps)

X 10%cm™3 (b), and[Be]=3x10"cm™3 (c). The 20 fs excitation pulses

were centered at 810 niaarrier density=5x 10" cm™3). Inset: 1¢ decay FIG. 4. ModulationAR and nonsaturable loss&sR,; vs 1k decay times
times for a larger set of samples vs growth temperature: Unddpkd from Fig. 1. Undoped LT GaAs((); LT GaAs:Be with [Be]=1
[Be]=1x10*cm 2 (O), and[Be]=3%x10*cm 2 (A). X 10%cm 2 (O) and with[Be]=3Xx10cm 2 (A).
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for applications in ultrafast all-optical switching. trapping, in undoped and Be-doped LT GaAs. We find that,
We will now discuss the physics behind these results. lin undoped LT GaAs, fast trapping is accompanied by weak
is well known from linear optics that the transition from absorption modulation. This is due to the presence of both
neutral A%a to the conduction ban(CB) substantially con- ionized As., electron traps and neutral &;5 giving rise to
tributes to the above-band gap absorptfodue to its high AsOGa—CB absorption which is difficult to saturate. Be doping
optical cross sectiotf. The cross sections for the transition reduces the concentration of 3sand increases the concen-
from the valence ban(VB) to the ionized A§, and for the tration of ionized A§, Therefore, Be-doped LT GaAs com-
second optical ionization of Ag are smalt® and these tran- bines a fast time response with high modulation, yielding a
sitions can be neglected. We expect that th%aAQB tran-  material with superior properties for applications in ultrafast
sition is much more difficult to saturate than the VB—CB nonlinear optics.
transition due to the large density of &sand the high den-
sity of final states, 0.7 eV above the bottom of the CB.
Therefore, we assume that theJ4sCB transition substan-
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