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Picosecond far-infrared studies of intra-acceptor dynamics in bulk GaAs
and é-doped AIAFGaAs quantum wells
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We report direct pump-probe measurements of the excited-state lifetime of a carrier bound to a shallow
impurity in a semiconductor. The dynamics of intra-acceptor level scattering were studied for the cases of
uniformly doped GaAs:Be and also&doped AlAs/GaAs multiple-quantum-well sample. The experimental
technique used to measure the scattering rate was a balanced pump-probe system using a free-electron laser as
a source of intense far-infrared picosecond pulses. The hole relaxation time fronp ttat2 to 5 ground
state of the acceptor was measured as a function of temperature for the two main absorption lines. It was found
that in the bulk these transitions have a lifetime of the order of 350 ps independent of temperature up to the
thermalization temperature of the acceptor. Studies of the 15-doped GaAs quantum well in AlAs barriers
show that in this quantum-confined system, where the transition energies are governed by the well width, the
lifetime of the excited state is much shorter, of the order of 80 ps. We suggest that the relaxation process is by
acoustic phonon emission and that the effect of the superlattice periodicity is to relax thk stiervation
rules of the bulk increasing the acoustic phonon emission rate.
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Studies of shallow impurity states in semiconductors havehese intensively studied systems the large density of avail-
been given fresh impetus by interest in potential devices suchble carrier statefulk dispersion or in-plank states in the
as far-infrared emitters/detectors and even possible applic8D and 2D cases, respectivelyives rise to rapid relaxation
tions in quantum computint® In particular, the use of processes for photoexcited carriers. Here we report a direct
intra-impurity states as light emitters was recently demonstudy of the carrier dynamics for intra-acceptor transitions in
strated by Huberst al,* who detected radiative emission at bulk GaAs and in the AlAs/GaAs quantum-well semiconduc-
58 um due to transitions between the internal states of phogtor systems.
phorus donors in silicon under optical pumping; they also The recent availability of free-electron lasers as sources of
were able to demonstrate population inversion between thimtense far-infrared radiation has enabled many studies of
2py and 1s(E,T) internal transition of the donors opening carrier relaxation in semiconductor systems of bulk, 2D, and
the possibility of a solid-state terahertz laser system based ddD nature. In particular, it has extended the wavelength
shallow impurities. range that such measurements can be conducted well into the

Any solid-state technology based on such transitions willfar-infrared region. The free-electron laser for infrared ex-
need to demonstrate tunability of the transition energy; thigperiment(FELIX) at Rijnuizen in the Netherlands provides
can be achieved by quantum confinement of the impurity bupulses that are typically 50—100 cycles in duration and high
the effect of the confinement on the interlevel dynamics ipeak power(0.5—-2 MW), allowing transient measurements
unknown. More generally, the internal transitions of a shal-on a 0.5-10-ps time scale and has been used in several such
low impurity form a zero-dimensional system with many carrier relaxation studies. In particular Murdén al1° have
analogies to the quantum-dot systems whose carrier dynanstudied the intersubband scattering times for electrons in
ics are the subject of much current resear€h. Al,Ga _,As/GaAs multiple quantum welleMQW's). More

Unlike the Stranski-Krastonov self-organized dot systemsecently Coleet al!! published similar data for hole scatter-
where large dot-size variations are observed, establishedg. In terms of quantum cascade devices such measurements
growth technology can, in a controlled manner, tune thesare of critical importance for interpreting device efficiency.
transitions bys-doping within quantum-well structures. In- The extremely rapid transfer of carriers in these systems (
deed, several researchers have previously demonstrated thel —5 ps) is the result of longitudinal opticélO) phonon
tunability of the impurity transitions in the emission from the high-energy tail of the carrier population
Al,Ga _,As/GaAs quantum-well system? Most of the ap-  in the upper subband.
plications mentioned above rely on the internal impurity One possible solution to the problem of increasing the
transitions having a much longer excited-state lifetime thamonradiative lifetimes for carriers in these systems is to re-
carriers excited either further up the band in bulk systems omove the dispersion in the system by use of a 3D confining
into an upper subband in two-dimensioriaD) systems. In  potential. This has the added advantage of removing the se-
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lection rule for 2D systems requiring the electric field of the
interaction to lie normal to the plane of the wells. This is
important as it not only makes the optical experiments on the
system simpler but also opens the door to surface-emitting/
detecting type devices. Shallow impurity states provide just
such an environment for the bound carrier and studies of
these states provide a very useful analogy in the absence of
precise energy-level control in other artificial OD systems.

It has been only relatively recently that the Lyman series
of the beryllium acceptor in GaAs was studied in detail by
infrared absorptiod? In practice the suppression of 165 170 175 180 185 190
impurity-band formation requires a doping concentration of Energy(cm™)
less than a few 76 Be atoms/cry which in a typical epil-
ayer sample with an areal doping concentration of Be

atoms/cr will produce only approximately 10% absorption ) ) )
P y 2P y P gnsuing discussion we therefore assume that we are below

from the strongest absorption line. As a result of this smalth doning level ded for i v bandi ffects 10 b
absorption cross section, earlier wbthutilized photocon- € doping 'evel needed for Impurity banding €efiects to be-
come significant.

ductivity, a more sensitive technique but with a much more For the infrared-absorption/pump-probe experiments the
complex mechanism to interpret. Raman spectroscopy cap

. . amples were thinned and wedged to approximately a 5°
also be used to observe scattering between even-parity Statgﬁgle to prevent Fabry-Perot fringing. Four such pieces of
as has been demonstrated in residually dopaype bulk

) each sample were then stacked to increase further the total
GaAs (Ref. 14 as well as modulation-doped ghqorption due to the acceptors. All spe¢amp probe and
GaAs/ALGa ,As quantum well. These previous studies |inear absorptionwere recorded with the sample in the dark
did not extend to the excited-state dynamics as the experij.e., no above-band-gap illumination present
mental techniques to do this were only developed recently, The experiments were conducted with the samples cooled
although a recent study of Si:P used bleaching under intensg 4 K in a Hecontinuous-flow cryostat with polypropylene
far-infrared illumination and measureg2ls scattering time  windows. Preliminary measurements of the thick epilayer
for this donor state of the order of 10 . sample transmission by scanning the free-electron laser
Both samples were grown on 2-in. semi-insulating GaAs(FEL) wavelength in the region 160—200 c(60—50.m)
substates in a VG V90 H 4-in. reactor equipped with all solidclearly showed the absorption lines to be studiEdy. 1).
sources. The growth of the layers was performed under exadihe weak line at 166 cnt is due to acoustic phonon
stoichiometric conditions using the technique of stoichio-absorption'® The spectrum in Fig. 1 was taken using a pump
metric low-temperaturéSLT) growth!® which ensures high beam of approximately 2 mW integrated intensity, 0.5 MW
quality optical materials even at relatively low growth tem- Peak power. The two observed lines are centered on 167 and
peratures. Under these conditions, the quantum-well struct83 ¢cm ™ and are the result of theslto 2p transition of
tures were grown at 540 °C, which ensured negligible diffu_h-olles bound to isolated acceptors. The observed energy po-
sion of the Bes layers. Previous studies have observed thafitions — correspond  to  the Sh,l'g-2Pg s and
the intra-acceptor transitions of Be in bulk GaAs are only1Sw2l 8-2Psp2l’7 transitions of the bulk acceptor as reported
observed at low doping densitpelow 3x 10*6atoms/crf) by previous qukers, these_transmons are usgally referred to
due to impurity-band effects that smear out or obscure thé&S the andC lines and their mea_sureldz energies .correspond
o . . exactly to those reported by Lewit al.~ for a similar Be-
sharp absorption lines at higher concentrations. . .
For this study two samples were used, The first was %ODEd G?Aslepglla%/grk'll'he lines were a_llﬁohfound tt)o ther;ngl-
single 1um-thick epilayer of GaAs doped at fatoms/cri e completely by In agreement with those observed by

o2 A ] previous workers.
(10”atoms/cm)—used as a bulk GaAs:Be reference " gy comparison with our own Fourier-transform infrared

sample. The second sample was a 20-nm period AlAS/GaAg=T|R) measurements of the same sample some bleaching of
quantum-well structure with 15-nm-thick GaAs wells. The the D line was evidentapproximately 30% after allowing
center of each of the GaAs wells wasdoped to an areal for the bandwidth of the FEL Due to strong lattice absorp-
density of 5x 10'°atoms/cr, and the structure contained 50 tjon the total transmission through the samples is of the order
periods, giving a total areal density of X80'?atoms/cmA.  of a few percent. The pump-probe experiments were con-
The areal doping density usedx30'°atoms/cm corre-  ducted at the FELIX facility using the balanced pump-probe
sponds to a bulk densitfassuming a 5-nm diffusion regibn technique first implemented in this wavelength regime by
of approximately 1, which is close to the lower limit of Langerak and co-workers:}’ This technique uses two probe
the density required for impurity-band formation in a pulses, one preceding and one following the pump pulse
Ss-doped system. We observe that in Ref. 9 sharp impuritfwith a 40-ns total pulse separatjor fast Ge:Ga detector is
lines were observed in doped quantum wells for a somewhahen biased to the 25-MHz sinusoidal reference signal from
greater doping density than this and alas noted belowthe = FELIX as the pump pulse is scanned through a delay line.
observed transition from our samples is well defined. In theThe effect is to use the preceding pulse as a reference to

Absorption (arb. units)

FIG. 1. Epilayer Sample transmission as measured by FELIX.
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3 cross sectionsis the lifetime of the transition, andt) is the
intensity of the laser pulse with time, which is taken to be a
Gaussian with width 15 pg&he pulse length of FELIX when
operated at 6Qum as determined by pulse autocorrelajion
The absorption change observed is calculatéd as

+ o
A= f 1 (t=tg) (Nys— Ngp)dt. @)

—o0

The solid lines in Fig. 2 are generated as fits with 350
+10 ps for theD line and7=340= 20 ps for theC line. The
temperature dependence of fddine transition rate was also
studied, the lifetime was found to be constant within experi-
1.6 mental error up to a temperature of 40 K at which point
thermalization of the acceptors was evident.

The experiment was repeated for theloped sample. The
energy states of a shallow acceptor in GaAs can be thought
of as a spin} particle in a Coulomb field with a further
12 energy-level splitting due to the cubic crystal field. The ef-

’ fect of confining the acceptor in a quantum well is twofold;
) first the binding energy is increased and second there is a

1.4

Pump-probe signal (arb. units)

Call experimentally that the confinement on an acceptor state in a
quantum well increases both the binding energy of the ac-

1 e symmetry lowering effect fronty symmetry toD,y4 symme-
' h ‘ try by confinement in & 100]-oriented quantum well. It has
08 ik | Il il been previously calculated theoretically and demonstrated
% i I\
[T

0.6 ceptor and the magnitude of the-2p transition. As in the
0 200 400 600 800 1000 case of the excitonic binding energy the atomic impurity
Time (ps) level can have its binding energy increased by up to a factor

of 4 by complete 2D confinement.

FIG. 2. The pump-probe signal for tife) C-line and(b) D-line It proved impossible to record an equiyalent spectrum for
intra-acceptor transitions in the bulk GaAs:Be sample 1. The solidhe &-doped MQW sample as the absorption change expected
curve is calculated by a rate model according to the lifetimes for thdS Of the order 0.5%—well below the pulse power variation

C line of 340 ps and for th® line 350 ps as described in the text. Of the FEL, but this change is within the range at which a
balanced pump-probe signal can be obtained. Although there

is no previous data on acceptors confined in GaAs quantum

balance the effect of pulse power variation on the signawells in pure AlAs barriers, Reeder, Mercy, and McCothbe
obtained from the second probe pulse. It has been demostudied Be acceptors in GaAs wells with,AGa, ;As barri-
strated previously that the technique is very efficient at re€rs. They observed shiftéd- andC-line energies of 195 and
moving signal jitter and can resolve absorption changes dudl3 cni*, respectively for acceptors doped over the central
to the pump beam of less than 0.5% even for samples whoseof a 15-nm well, in good agreement with the theoretical
transmission is very low, as in this case. Thus the FELIXpredictions Masselink, Chang, and Morkodt the rela-
facility provides a unique capability for the experiments de-tively large well thickness used here the effect of the in-
scribed. creased valence-band offset of AlAs relative to the

Balanced pump-probe measurements were performed oo 3:G& 7As would be expected to be negligible. As noted in
the observed absorption lines using a probe pulse of approxRef. 8, the doping of a central region of the well will result in
mately 10% of the pump beam. The pump-probe signals fo@ distribution of binding energies dependent of the exact ac-
the D andC lines as a function of delay are shown in Figs. ceptor position. In the present studydoping was attempted

2(a) and 2b). and although clearly some diffusion of Be is to be expected
The two-level rate equation for a homogeneously broadwe would expect that the Be distribution will be more local-
ened system 13 ized at the center of the well, resulting in an absorption line-

width in our samples significantly less than that observed in
N Ref. 9 but centered on a similar position in energy.
ﬂ, (1) The experiment was repeated for the MQW sample. Tun-
T ing the laser in the 51-53@m region, the pump probe signal
due to theD-line transition was weakly observed at 52
whereN;s andN,p are the number of acceptors with holes (191 cm %) and is shown in Fig. 3. The signal is shown for a
in the 1S and 2P states, respectivelyy is the absorption range of temperatures up to 60 K at which point the acceptor

szp g
at %'(t)(le_sz)_
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The radiative lifetime for thé® transition is unknown but
we can estimate a lifetime from the absorption cross section
(or indeed by assuming a purely hydrogenic impurignd
this gives a value of the order of 0.1-1 ms. We can conclude
that the observed lifetimes are clearly nonradiative, in agree-
ment with what has been observed in Si:P.

The nature of the nonradiative scattering channel cannot
be assigned with complete certainty. However, the observed
independence of the decay with temperature suggests that the
observed recombination is not due to carrier-carrier scatter-
ing as in this case we would expect to observe a change in
the transition rate as the impurities ionize. Since the energy
of the transitions considered is below that of the optical
phonon bands a phonon-relaxation process at this energy can
only involve acoustic phonon emission. For the bulk case
this must be multiphonon scattering in order to conserve mo-
mentum. However, in the case of the MQW sample a rela-
tively small degree of confinement produces a dramatic re-
duction in the excited-state lifetime. Hence the most likely
process to explain this behavior is relaxation of kheonser-
vation by the phonon zone folding effect in the JfWwve
note that a similar effect has been observed in persistent
photoconductivity measurements ottype GaAs, where the
decay rate reduces from 10 ns in the bulk to less than 1 ns in
a Al,Ga _,As quantum well® although this measurement

Time (ps) will include a capture time component.
In conclusion, we have demonstrated far-infrared pump-

FIG. 3. Temperature dependence of pump-probe signal from thgrohe measurements of the excited-state lifetime for main
Be D-line transition in the multi-quantum-well sample as taken atjnfrared-active -2p transition of Be acceptors in GaAs. It
the sample temperatures indicated. The fitted curves all correspond tond that the scattering rate is orders of magnitude slower
to a decay of 80 ps. than intraband scattering at similar energies in the bulk case.
The scattering rate is also found to be independent of tem-

) ] o ] , perature, in agreement with the expected behavior for a shal-
thermalizes as in the bulk case, confirming the signal’s elecy impurity state for which the carrier is localized in all

tronic origin. Also as in the bulk case, there is no measurablegyree directiongin analogy with the 0D quantum-dot carrier
change in the lifetime with temperature. Evidently this tran-jeyels). This is in contrast to the free-carrier intersubband
sition has been shifted up in energy by the quantum confineseattering in the 2D quantum-well system, which shows a
ment effect from its bulk value of 167 crh by 24 cm (3 strong temperature dependence due to phonon emission via
meV). This compares to a shift of 28 crhrepor.ted inRef. 9 momentum transfer in the plane of the wells. Finally, we
for a sample with a similar quantum-well width but doped gemonstrated that quantum confinement of the impurity state
throughout the center of the well rather thamloped as in  enaples the intra-acceptor states to be tuned in energy but
this case. TheC line for our quantum-well sample is x- that relaxation of thé-selection rules for phonon transitions

pected to occur in the region 200-210 citbut was not  yesyits in an enhanced interlevel scattering rate between lev-
observed due to the strong lattice absorption in this regiong|s in these systems.

The fits in Fig. 3 were obtained in the same manner as in the

case of sample 1 and correspond to an excited-state lifetime The authors thank Dr. M. Missous of UMIST for provid-
of 7=80ps, a factor of 4-5 times less than that observed iing the samples studied here. They also would like to ac-
the bulk case. knowledge the financial assistance of the Royal Society.

Pump-probe signal (arb. units)
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