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Relaxation processes of photoexcited carriers in GaAs /AIAs multiple
guantum well structures grown by molecular beam epitaxy at low
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Tatsunokuchi, Ishikawa 923-1292, Japan

(Received 24 March 2003; accepted 6 June 2003

The relaxation processes of photoexcited carriers in GaAs/AlAs multiple quantum well structures
grown at low temperatures by molecular beam epitaxy were studied by a tunable single-beam
femtosecond pump—probe method. Concentrations of singularly ionized antisite arsenic jgps, As

in the quantum wells, which were considered as traps of photoexcited carriers, were estimated from
flux conditions and substrate temperatures in the growth. Transient transmittivity of the structures
were measured by varying the pump—probe photon energy. The trapping rate of photoexcited
carriers, which corresponded to the reciprocal of the carrier lifetime, was derived from the relaxation
profile at the pump—probe photon energy close to the exciton resonant excitation energy for each
structure. The trapping rate was found to increase linearly wiff), &sa lower concentration range

and superlinearly in a higher concentration range. Photoluminescence and absorption spectra were
observed at room temperature and their correlation to the carrier lifetimes were
investigated. ©2003 American Institute of Physic§DOI: 10.1063/1.1595142

I. INTRODUCTION dependence of the carrier lifetime on the growth
temperatur&®® or the flux condition¥ has been investi-

A GaAs layer grown by molecular beam epitaBE) gated, and hence, its dependence on the excess As concen-

at a low temperaturéL.T-GaAs) has been considered as an

. . ; ..~ trations has been only qualitatively discussed to date.
important material for ultrafast optoelectronic applications In the present article. we report a studv on the relaxation
such as ultrafast detectors, pulse generators and P Icle, we rep udy xall

photomixers: Among a number of properties of LT-GaAs, a processes of photoexcited carriers in LT-MQW structures.
very short lifetime of photoexcited carriers is most impor- GCaAS/AIGaAs MQW structures grown at the normal sub-
tant. Relaxation processes of photoexcited carriers in LTStrate temperature, that is, at about 600°C, are known to
GaAs and AlGa,_,As/GaAs multiple quantum well struc- exhibit large optical nonlinearity at room temperature due to
tures grown by MBE at low temperatures multiple quantumthe optically induced change in the exciton resonant
well (LT-MQW), hence, have been intensively studied in theexcitation'” A recent study by Okunet al** has shown that
past decade. LT-MQW structures also exhibit large optical nonlinearity at
In LT-GaAs and LT-MQW photoexcited carriers are room temperature and, in addition, have very fast relaxation.
trapped by excess As point defects or As clusters, the lattdh the present study, from the As/Ga flux ratios and the
being formed by post-growth annealifigdhere have been growth temperatures, concentrations of singularly ionized
many studies which analyzed relaxation processes in LTantisite As, Ag,, which is considered as the main trap of
GaAs and LT-MQW by utilizing models of trapping pro- photoexcited carriers in LT-GaAS,were determined by uti-
cesses by these excess As point defects and As clusters, §ifg 5 relation derived in earlier growth studié<l® Carrier
only a few studies have investigated correlations betweept.iimes were measured by utilizing pump-probe experi-

relaxation processes and experimentally characterized Struﬁients. The present study, therefore, has revealed a quantita-

tures related to excess As. Loukaletsal. have recently in- . o . .
; o . tive dependence of the relaxation time of photoexcited carri-
vestigated the dependence of the carrier lifetimes on spacm%s

and sizes of As clusters, which were characterized by usin s on the trap depsﬂy n as-grown LT-MQW. The result.s
transmission electron microscoJEM).3 They found that oW that the trapping rate, which corresponds to the recip-
the relationship predicted by Ruda and Shik was applic‘éble.rocal of the carrier lifetime, increases linearly with the con-
As for excess As point defects, a number of studies hav&entration of Ag, in a lower concentration range but super-
analyzed relaxation processes on the basis of ratbnearly in a higher concentration range. This result differs
equations; 8 but no study has reported a dependence of thérom the relation based on the Shockley-Read-H8RH)
carrier lifetime on experimentally determined concentrationgheory for the recombination process of photoexcited
of excess As point defects in LT-GaAs or LT-MQW. Only the carriers?®?* which has been used in describing the depen-
dence of the carrier lifetime on the trap density in
aAuthor to whom correspondence should be addressed; electronic mailf-r'(-;‘rj"o‘s'g'15 Because of the MQW structures, photolumines-
ootsuka@jaist.ac.jp cence emission and exciton absorption spectra were observed
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at room temperature from the samples with relatively lowTABLE I. Atomic flux ratios in the MBE growth and concentrations ofs
. . . . &+ -
excess As concentrations. Their correlations with measure@d A%a of the LT-MQW samples.

carrier lifetimes are discussed in the present article. Sample InelJon [Ased (cm ) [As] (cm™3)
LT1 1.07 1.48<10'8 7.4x 10
Il. MBE GROWTH AND STRUCTURE LT2 1.12 2.5210'° 1.26x10
CHARACTERIZATION LT3 1.53 8.31x 10'8 4.15x 10"
LT4 1.96 1.1%10% 5.85x 10V
Six AlAs/GaAs MQW samples were grown on epi-ready LT5 2.08 3.08¢10' 1.54x10'

(100 GaAs substrates by utilizing a conventional MBE sys-
tem. After the growth of a 150-nm-thick GaAs buffer layer

and an 800-nm-thick etch-stop AlAs layer at 580°C, a :
. . ; of Jas/Jga a@long the substrate surface was also estimated
MQW structure with 50 periods of a 7.5-nm-thick GaAs . ”
. ) from a shift of this boundary between the two samples grown
layer and a 3.5-nm-thick AlAs layer was grown without ro- _ . : . . .
tation of the substrate. As explained in detail later theWlth slightly different values of the ion gauge reading of As
: i, P A . fluxes. ConcentrationgAsg,] of these positions were then
growth was carried out without substrate rotation in order to, . .
; : . . derived from the values afss/Jg, by using Eq.(1).
obtain very low excess As concentrations in a highly con-
. . . The values oflps/Jg, 0f the LT3, LT4, and LT5 samples
trolled manner. However, this resulted in nonuniform fluxes . ) L .
: were determined simply from its ion gauge reading of the As
of Ga and Al over the growth surface and, hence, slightly, . : . L
different well and barrier thicknesses among different posi flux with respect to the ion gauge reading of nearly stoichio-
9 POSh o etric LT-MQW samples, becaugé\sg,] changes slowly

tions of a MQW sample. One MQW sample named HT, Was u 1o As/Ga flux ratio in the high flux ratio rang&Con-

i;ow?ll?;eiso bgir\:vg;th 'g ;91%996 r%ag;?gggf th(;%a, ';I’Gandcentrations of excess As in AlAs layers in LT-MQW samples

%1075 Torr, respectively. Two LT-MQW samples, LT1 and were not estimated because no quantitative data are available

: for the dependence of the concentration on the growth con-
LT2, were grown at 300 °C with the above Ga and Al fluxes ... L )
and the As fluxes being nearly 6206 Torr with a slight ditions. The excess As concentration in AlAs layers, how

. . ._ever, are considered to change with the growth condition in a
difference between the two samples. According to our earlier g g

o o . . similar manner to those in GaAs layers.
study?? this flux condition is known to give rise to nearly Luysberget al. have reported the concentrations of neu-
stoichiometric LT-GaAs samples at a low substrate tempera}-ré1I ’

+ .
tre. Other twio MQW Samples, LT3 and LT4, Were 0romn ey o St e St of 1o xoreconen, ot Aon thor o
300°C with the same Ga and Al fluxes as LT1 and LT2 &

i 0,
samples but with the As flux being 9405 and 1.2 neutral Ag, was nearly constant and approximately 5%. The

: +
X 10° Torr, respectively. The last MQW sample, LT5, was concentrations .Of 'A‘§" and Ag, of the LT-MQW samples,
N ) . the latter of which is assumed to be 5% of the former, are
grown at 270 °C with the As flux similar to that of LT4 and | . . o
. listed in Table I. On the basis of the derivations of Eb).
with the above Ga and Al fluxes.

Concentrations of antisite As in all LT-MQW samples from the experimental resulfsand the variation of the ratio

+ 19 . T
were estimated by using the As/Ga flux ratio and growt .Of reported ASg,] t0[ASsal, ™ the deviation of Asg,] listed

temperature. In an earlier stfiywe found that for a given in Table | from the actual concentrations in the samples is

i 0,
growth temperature the concentration ofAs[Asg,l, in a considered to be less than 10%. .
LT-GaAs layer is expressed by The structure of the LT-MQW samples was examined by

using a cross-sectional TEM. There are extended defects
B Jps/dea— 1 such as stacking faults and dislocations in the region where
[AScal= InclIon [AScalsat (1) 3,./3g.ratio is very close to unity, but all MQW regions that

h q i f . b fwere used for optical measurements in the present study
whereJ,s andJg, are atomic fluxes representing numbers o were found to be free from any extended defects and As

atoms arriving at a unit surface area for a unit time of As andclusters as seen from a TEM image of the LT4 sample in Fig
Ga, respec_tively, andASeasar i; a saturated concentration C,’f 1. The TEM image shows a cross-sectional view of a defect-
Asg, at a high As/Ga flux ratio. The saturated concentration ., MQW structure from its interface with the GaAs buffer
[ASGa]B?gat the grOV(V)EQ terP:E)erature C,)f ?l’og and 270°C A€o the free surface. Dark bands in the right-hand side of the
2.4x 107 and 5.2<1 em =, respectively. , image are bending contours of a thin TEM sample. For the
Because of no rotation of a substrate during the grOWthpump—probe and optical absorption measurements, a MQW
the As/Ga flux ratio slightly varies from one end of the sub-Sample was mounted on a glass plate, and the GaAs substrate

strate surface to the other end. The position dependence %d buffer layer were removed by the selective chemical
flux ratiosJas/Jg, in LT1 and LT2 samples were estimated etching procedur®’

in the following way. The gradient afxs/Jg, along the sub-
strate surface is 0.008/mm. The surface of a LT-GaAs Iayerl,II OPTICAL ABSORPTION AND
on the o_thezr hand, becomes nonspecula}r M@Nggls less PHOTOLUMINESCENCE MEASUREMENTS

than unity?? The value 0fJa./Jg, at @ given position of a

nearly stoichiometric LT-MQW sample, therefore, can be de-  The room temperature absorption spectra of high tem-
termined by its location with respect to the boundary be-erature(HT) and five LT-MQW samples are shown in Fig.
tween the specular and non-specular surfaces. The gradieatAll MQW samples except LT5 exhibit two distinct exciton

Downloaded 10 Jun 2008 to 150.65.7.70. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 5, 1 September 2003

FIG. 1. Cross-sectional bright field TEM image of a low-temperature grown
MQW GaAs/AlAs (LT4) sample. The dark bands on the right-hand side of
the image are bending contours of a thin cross-sectional TEM sample.

absorption peaks. The two exciton absorption peaks gradu-
ally broaden with the excess As concentrations. The higher
energy peak corresponds to the light hdle) exciton ab-

sorption peak, and the lower energy peak to the heavy hole
(hh) exciton absorption peak. The two peaks are separated by

Rath et al. 3175
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FIG. 3. Photoluminescence spectra of a normal substrate temperature grown
MQW sample, HT, and a near-stoichiometric LT-MQW sample, LT1, at
room temperature.

about 15 nm corresponding to an energy difference of about
30 meV. The differences of the exciton absorption peak po-
sitions among the samples are ascribed to the differences in
their GaAs well widths and AlAs barrier widths which are
explained in the previous section.

Photoluminescence measurements were carried out at
4.5 K and at room temperature by using the 488 nm output of
an argon ion laser as an excitation source and an InGaAs
detector. Photoluminescence peaks were observed from the
HT sample and two nearly stoichiometric LT-MQW samples,
LT1 and LT2, both at 4.5 K and room temperature, but no
detectable photoluminescence peaks were observed from the
other three samples, LT3, LT4, and LT5 at either tempera-
ture. The photoluminescence peaks observed from the HT
and LT1 samples at room temperature are shown in Fig. 3.
The observed photoluminescen@@lL) peaks resulted from
excitonic transitions in the GaAs well layers. The separation
between the two peaks in each sample is about 30 meV
which is equal to the separation between the Ih and hh exci-
ton absorption peak positions in the absorption spectra. The
slight difference between the PL peak positions and excitonic
absorption peak positions in each sample is attributed to the
differences in their GaAs well widths and AIAs barrier
widths at different sample positions used for the PL and ab-
sorption measurements. The PL peak intensity of the HT
sample is approximately 200 times higher than that of the

FIG. 2. Absorption spectra of normal substrate temperature grown MQ i ; - _
sample, HT, and five LT-MQW samples at room temperature. Position of tl\w/\éearly stoichiometric LT-MQW sample, LT1, at room tem

arrows indicates Ih exciton absorption peak and hh exciton absorption peaR€rature as seen in Fig. 3. The PL intensity of another nearly

in all case.

stoichiometric LT-MQW sample, LT2, is also of the similar
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order of the magnitude lower than that of the HT sample at
room temperature. 2

IV. PUMP—-PROBE TRANSIENT MEASUREMENT

o
(=]
-
x
Single wavelength pump-probe experiments were car- E
ried out at room temperature by using a mode-locked Ti:sap- <«

1 [ o°
phire lasenClark-MXR) pumped by an argon ion laser. The v o D SN N ki
central wavelength of the oscillator output was tuned from H ,.:,;..\.;.-.;{.-,_."-...“...-‘.,,“.-...-,..
765 nm to 830 nm. The band wid{fFWHM) of the output T ’6 -!, I ] T
beam gradually decreased from 25 nm for the central wave- 0 40 80 120

length at 765—15 nm for the central wavelength at 830 nm.
The repetition rate was 100 MHz. The probe power was
fixed at 1 mW and the pump power was kept at 7
+0.5mW in order to minimize complex photoexcitation
processes at higher pump power. The spot sizes of the pum,
and probe beams at the sample position were approximatel,
200 and 100Qum, respectively. The transmitted probe beam
through the sample was incident on a photodiode detectol
connected to a lock-in amplifier. Pump and probe pulses
were perpendicularly polarized and one polarizer was put
before the detector for the probe, in order to avoid scattering
of the pump beam. Pump and probe beams were chopped ¢
different frequencies by the outer and inner holes of a chop-
ping wheel, respectively, and the transmission change was
obtained as the amplitude of the sum frequency modulation
using a lock-in amplifier. The instrument response time was
determined to be 80 fs in FWHM by an optical Kerr effect
cross correlation between the pump and probe pulses. 1.0
The pump—probe experiments were carried out at sev-
eral different central wavelengths with the samples used for
the optical absorption. All measurements were carried out’e 0.5
under the same data acquisitithe same lock-in-amplifier T
phase conditions. The pump—probe wavelengths were tuned
with reference to the absorption spectra shown in Fig. 2. The 0.0
temporal profiles of the differential transmission signal <
(DTS) at representative wavelengths in the case of LT1, LT4,
and LT5 are shown in Fig. 4. The zero time in our analysis
was determined to be the earliest optical delay that gives the
first signal substantially above the noise leysignal-to-
noise (S/N}¥3)] in the case of the pump-probe measure-
ments of the HT sample. Since our instrument response func:
tion has an FWHM of about 80 fs, the pump—probe pulsesfEIG. 4. Differential transmission signéDTS) profiles obtained at different
are significantly overlapping each other in the time betweerpump-probe wavelengths for three set of LT-MQW samples, LT1, LT4, and
0 and 100 fs. We, therefore, avoid discussions on the DT&T5. (8 for LT1, 1, 775 nm; 2, 780 nm; 3, 790 nm; 4, 800 nm; 5, 815 nm;

; :and 6, 820 nm. Inset: expanded DTS profile(H). for LT4, 1, 765 nm; 2,
between 0 and 100 fs. The DTS at approxmately 100 fs I§70 nm; 3, 780 nm; 4, 790 nm; 5, 805 nm; and 6, 815 nm. Inset: expanded

defined as DT& It was observed that the D§yradually  prs profile, 1.(c) for LT5, 1, 775 nm; 2, 795 nm; 3, 810 nm; and 4, 815
increased with increasing the wavelengths in the range lowetm; The pump and probe powers were 7 and 1 mW, respectively.

than the excitonic absorption peak position and reached a

maximum value near the Ih exciton absorption peak position

as seen in Figs.(d) and 4b) for LT1 and LT4. After reach- In the case of LT5, where the exciton absorption peaks
ing the maximum value, the Dfyradually decreased with were not clearly seen, the D #as found to increase gradu-
further increase in the wavelength, and finally negative PTS ally from 770 to 795 nm, and then gradually decreased from
were obtained at the wavelengths longer than the hh excitor95 to 830 nm. In analogy with the case of the other
absorption peak position as seen in Figs) 4nd 4b). Simi-  samples, the wavelength of 795 nm, which gave the maxi-
lar results were obtained for the HT and other two LT-MQW mum positive DTG, was assigned to be the Ih exciton ab-
samples, LT2 and LT3, which had clear exciton absorptiorsorption peak position. By assuming the same separation be-
peaks. tween the |h and hh exciton absorption peak positions of

AT/T X10

-0.5

Time (ps)

Downloaded 10 Jun 2008 to 150.65.7.70. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Rath et al. 3177

about 15 nm as in the other samples, the hh exciton absorp-
tion peak position of LT5 was assigned at 810 nm.

The wavelength dependence of the RQT®r all the 2.0\
MQW samples in our study are similar to that obtained by
Miller et al.for GaAs/GaAlAs MQW structures grown at the
normal substrate temperatiffeThey used 6 ps pulses with a
relatively narrow spectral bandwidth and observed two well- 1.5
resolved positive peaks in their DTS spectrum corresponding
to the Ih and hh exciton absorption peak positions and nega-%
tive DTS values at the positions away from the exciton ab-
sorption peaks. The amplitude of the DTS spectral peak near
the hh exciton absorption peak position was larger than that
near the Ih exciton absorption peak position. In the present
case, however, we were not able to resolve these two peaks
in our DTS, spectrum mainly because our femtosecond
pump—probe spectral band widthbout 50 meV is much
broader than that of theif@bout <5 meV). The nonlinear
transmission of MQW structures grown at the normal sub-

3
- f' -‘...m’u.."...ug T

i g g2

1.0

AT/Tx10

strate temperature was ascribed to the phase space filling gy
) . . LTS LT4 ¥
effect of photoexcited excitons and to the screening effect by | , , |
free carriers generated through thermal ionization of photo- 0 40 80 * 120
excited exciton€® The former effect is explained as the loss Time (ps)
i Ps

of the oscillator strength of the resonant excitation because
of the occupation of states out of which the excitons are: g, 5. Normalized DTS profiles of five LT-MQW samplésT1, LT2, LT3,
constructed. The latter effect is regarded as the loss of thers, and LT3 along with the HT sample for the pump—probe wavelength
stability of the excitons due to the screening of the Coulombrear the Ih exciton absorption peak at room temperature. Inset: DTS p_rofile
interaction of electron-hole pairs by free carriers, which re 15" X0 sces Doen and sold nes repesent e cporimer-
sults in the broadening of the exciton resonant absorptiogng probe powers were 7 and 1 mw, respectively.
peaks. In our case, at the Ih exciton absorption peak position,
the HT and all the five LT-MQW samples exhibited positive
DTS. However, at the hh exciton absorption peak positionexciton absorption peak positions decrease to zero level. The
except for the HT sample all the five LT-MQW samples ex-DTS profile of the HT sample near the Ih exciton absorption
hibited an initial positive DTS, which changed to negativepeak position is similar to those reported for the normal tem-
value on a shorter time scale less than about 10 ps. perature grown GaAs/AlIAs MQW structures in the

When the wavelength is shorter by at least 30 nm thariterature!® The DTS profile of this sample near the |h exci-
the lh exciton peak position, the D% far smaller than the ton absorption peak position shows a faster decay compared
signal amplitudes earlier than 100 fs, which are instrumentto that near the hh exciton absorption peak position. The
response-limited rise and decay. This can be seen in the DT&cay profiles of the DTS of the LT-MQW samples near both
profile of LT1 and LT4 at shortest wavelength in the inset ofthe |h and hh exciton absorption peak positions were fitted
Figs. 4a) and 4b). The DTS profiles for all the MQW with a biexponential decay function plus a little offset except
samples at the wavelength near the |h exciton absorptiofor LT5. A single exponential decay curve fitting with con-
peak, which show the highest DJSare shown in Fig. 5 volution of the instrument response function was carried out
with their values normalized by DS The normalized DTS  for LT5. The fitting parameters were determined from a num-
profiles of the LT-MQW samples near the Ih exciton absorp-ber of DTS profiles taken at slightly different sample posi-
tion peak position show a gradual increase in the decay ratiions under the same pump—probe conditions. The results
from LT1 to LT5. The DTS profiles of these MQW samples obtained from the DTS profiles near the lh and hh exciton
at the wavelength near the hh exciton absorption peak arabsorption peak positions are listed in Tables Il and I, re-
shown in Fig. 6 without any normalization because thesespectively. The estimated carrier lifetimes are shown with
profiles are not so simple like those obtained near the lhheir errors. The errors associated with the results obtained
exciton absorption peak position. The DTS profiles of thefrom DTS profiles obtained near the hh exciton absorption
LT-MQW samples near the hh exciton absorption peak posipeak position, particularly in the case of LT1, are very large,
tion, after reaching a maximum negative value, decays towhich is due to the limited time window. In Table I, the
wards the zero level. These decay profiles also show weighted average of the two time constants)=(a;m;
gradual increase in the decay rate from LT1 to LT5 as in theta,7,)/(a;+a,) was estimated from the data obtained near
case of the decay profiles near the Ih exciton absorption peake Ih exciton absorption peak position for the simpler rep-
position. resentation of the carrier lifetime. In Table Ill, the first time

It is seen from both Figs. 5 and 6 that in the case of LT3,constant,r;, is related to the decay of DTS from the initial
LT4, and LT5 which contains relatively higher excessiAs positive values to the negative values. The second time con-
concentrations, the DTS profiles near both the Ih and histant, ,, is related to the decay of the negative DTS. The
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TABLE IIl. Carrier lifetimes determined from the DTS profiles obtained
with the pump—probe wavelength near the hh exciton absorption peak of the

-
2 LT-MQW samples at room temperature. Pump and probe powers were 7 and
; 1 mW, respectively.
[
< Amplitude Amplitude
T N | Sample (1) 71 (ps) (az) 7, (P9
01234 LT1 04+03  12t15  -03+02 475200
Time (ps) Time (ps) LT2 0.3+0.2 9.1+1.0 -0.5+0.3 150+ 20
LT3 0.8+0.3 5.9-0.5 —0.4£0.2 80+ 10
T T r T r T LT4 0.2£0.1 0.1x0.1 —0.6£0.2 5.1x0.3
LTS5 N.d2 N.d2 —1.2+0.3 0.5-0.05

0.5 -

aN.d.: not detected

V. DISCUSSION

2 ?“';? All the LT-MQW samples examined in the present study

é exhibit two distinct exciton absorption peaks in their absorp-

: o as tion spectra except for the LTS5 sample. The photolumines-
AV cence and optical absorption measurements suggest that pho-

toexcited carriers in the LT-MQW samples exist in the form
of excitons confined in the GaAs quantum wells. TEM ob-
servations of these LT-MQW samples showed that the inter-
faces between the well and barrier layers were smoother in
1 LT4 sample than in the LT1 and LT2 samples. The broaden-
120 ing of the exciton absorption peaks with the excess As con-
Time (ps) centration, therefore, may be attributed to the presence of
FIG. 6. DTS orofiles of five LT-MOW €T1 LT2. LT3, LT4. and excess As point defects in the GaAs well.
LT55 aI‘ong Wi&r(t)hlee;'l?se:\rfple for?he ;3mgf(§rob,e Wa\’/elen,gth né;[]the hh The present study has shown that the PL e.mIS.SIOI.’] fro.m
exciton absorption peak at room temperature. Top: DTS profiles of LT4 and-1-MQW samples becomes weaker as the carrier lifetime is
LT5 in expanded scales. Dotted and solid lines represent the experimentaleduced with increasing the excess As concentrations. Under
obtained DTS profiles and the fitting curves, respectively. The pump anghe condition that the pump—probe wavelength is near the Ih
probe powers were 7 and 1 mW, respectively. exciton absorption peak, the carrier lifetime of the LT1
sample is about 575 ps, while that of the HT sample is a

long time constant, in the case of the hh exciton absorption f€W nanoseconds as seen from its DTS profile in Fig. 5. The

peak position is much greater than the weighted average tin@ter is known to be a few tens of nanoseconds for the nor-
constant(r) in the case of the Ih exciton absorption peakMal substrate temperature grown GaAs/GaAlAs MQW

position for the first three LT-MQW samples, LT1, LT2, and structures® The shorter carrier lifetime of the HT sample
LT3. On the other handk, is only a little Iargér tha,r17-> for  than the reported one is considered to have resulted from a

the other two LT-MQW samples, LT4 and LT5. The plot of

the reciprocal of the weighted average time constait 600 i i i : :
against A, concentration is shown in Fig. 7. It shows that
the 1{7) increases linearly with %%‘ at relatively low con- L 8 ) {
centrations but rapidly increases at higher concentrations, ex-
hibiting a superlinear change. A similar trend was also ob- .~ 4001 4 1
served for the plot of I, vs AsS, concentration where; is = o°
the long time constant listed in Table 1. o oo 20 20
,: 200 - .
TABLE II. Carrier lifetimes determined from the DTS profiles obtained Y
with the pump—probe wavelength near the Ih exciton absorption peak of the +
LT-MQW samples at room temperature. Pump and probe powers were 7 and e
1 mW, respectively. oF®®...... e -
L 1 e i - — ]
Amplitude Amplitude 0 50 100 150

sample (@) %)) (9 (@) (S ()9 [As", 1% 10™ em®)

LT1 9+2 3.9+0.4 91+2 62.5£6.0 57.2t55

LT2 27+5 13.0+1.1 735 55.5-5.2 44.0:4.2 FIG. 7. Plots of the reciprocal of the weighted average time conétans

LT3 357 9.3:0.8 65-7 16.0:2.0 13.5:1.2 As¢, concentrations for the pump—probe wavelength near the Ih exciton

LT4 27+5 0.6+0.1 73:5 45+0.4 3.450.3 absorption peak position. The inset shows the data points of the three

LTS 100 0.2-0.04 0.2:0.04 samples, LT1, LT2, and LT3 with relatively low &g concentrations in a

magnified scale.
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relatively higher concentration of unintentionally incorpo- ergy in the quantum well are relaxed down to the bottom of
rated impurities such as oxygen in our sample. The ratio ofhe conduction subband via an intraband scattering process
PL intensities of these two samples in Fig. 3 is approximatelywithin a time scale known to be less than 206%syhich is
close to the ratio of their carrier lifetimes, which is expectedcomparable to the instrument response time in our study.
from the fact that excess carrier concentration under a corHence, at this pump—probe photon energy, the DTS profiles
tinuous photoexcitation is proportional to the carrier lifetime.cannot represent the exact trapping process of carriers by
On the other hand, under the condition that the pump-Asg,.
probe wavelength is near the hh exciton absorption peak, the In Fig. 7, the reciprocal of the time constant{}/in-
carrier lifetime of the LT1 sample is about 47200 ps, creases linearly with A§ in the concentration range less
while that of the HT sample is about 100 ps as seen from itéhan approximately %10 cm™2 and increases superlin-
DTS profile in Fig. 6. The latter is much shorter than thatearly in the concentration range greater than 5
obtained when the pump—probe wavelength is near the I 10" cm 3. The dependence of the carrier lifetime on the
exciton absorption peak position. This may result from thetrap density is normally described by using the Shockley-
presence of unintentionally incorporated impurities in thisRead-Hall(SRH) theory. According the SRH theory, the car-
HT sample. These impurities did not cause the negative DT8er lifetime, 7, is inversely proportional to the trap density:
at this pump—probe wavelength unlike excess As atoms but 1
gave rise to the apparent faster decay. The ratio of their PL 7
intensities in Fig. 3 is not close to the ratio of their lifetimes
based on the pump—probe results near the hh exciton absornghereN,, o, andvy, are the trap density, capture cross sec-
tion peak. Based on this comparison, therefore, one can cotion of a trap, and thermal velocity of a photoexcited carrier,
sider that the DTS profiles near the |h exciton absorptiorrespectively. This relation has been used in earlier studies on
peak position can be directly correlated to the population othe relaxation process of photoexcited carriers in
excess electrons at the bottom of the conduction subbandT-GaAs®!® Our results in Fig. 7 deviate from the linear
which is the fluorescent state. The decay time constant irelation expected from the SRH theory at the highegAs
Table Il thus represents the carrier trapping process by theoncentrations.
As¢, traps. One possible reason for the difference in the ob- A linear relation between the carrier lifetime and the trap
served DTS profiles for both HT and LT-MQW samples atconcentration may be derived as follows without assuming
the Ih and hh exciton absorption peak positions could be duthe thermal equilibrium of photoexcited carriers, which is the
to the difference in the spatial size of the Ih and hh excitonsbasis of the SRH theory. First, the decay of photoexcited
The decay of the negative DTS near the hh exciton abelectrons at the bottom of the subband, which is the main
sorption peak position is slower than those near the Ih excieause of the transient transmissivity, is assumed to be con-
ton absorption peak position, especially in the case of LT1{rolled only by the trapping process of the electrons by the
LT2, and LT3. The relatively long-lived negative DTS near Asg, traps. Second, the trapping processes of photoexcited
the hh exciton peak may be attributed to the continuation otarriers by Ag_ point defects are assumed to occur indepen-
the excitation of trapped electrons atAslefects because it dently of one another. With these assumptions, the decay
was observed only from the LT-MQW sampfésThe time  time constant of the excited electrons at the bottom of the
constantr, in Table Ill may thus represent the lifetime of subband in a quantum well becomes inversely proportional
such intermediate non-fluorescent states that are generatlAs;, concentration. Hence, we can replaogy, in Eq. (2)
before the full recombination of the electron—hole pair. Thiswith a simple proportionality constank, which can be
lifetime seems to be also reduced with the increase of thealled the trapping rate constant of photoexcited carriers. The
As¢, concentration. In the case of LT4 and LT5, in Table  trapping rate constank=1.8x 10"’ cn®s %, was obtained
[l is a little larger than thg7) in Table I, which suggests a from the LT1, LT2, and LT3 samples by using the least-
short lifetime of the intermediate state in these two samplessquares method. In neutron-irradiated GaAs, Krugeal.
The DTS profiles of LT3, LT4, and LT5 at both the Ih and hh investigated the dependence of the lifetime of photoexcited
exciton absorption peaks decrease to zero level, which magarriers on the A§, concentration, where the concentration
suggest a complete recovery to the ground state. Thg As of Asg, was determined by the electron paramagnetic reso-
concentration dependence of the in Table Il and7, in  nance measuremerf§The Ag’, concentrations in their case
Table Ill, hence, suggests that not only the initial trapping ofare lower than those in our study. As expected from the
the electrons by the Ag defects but also the full recombi- above explanation, their results exhibit a linear relation be-
nation process is accelerated by the increase in thig@m-  tween 1 and Ag, concentrations. From their results, the
centration. trapping rate constantk is estimated to be 1.5
The DTS profiles of the LT-MQW samples at wave- X107 cm®s 1. This is very close to the value obtained in
lengths shorter than the excitonic absorption peak positionsur study, which implies that the relaxation process of pho-
show a significant change in their decay patterns. When thoexcited carriers in the LT-MQW samples with relatively
pump—probe photon energy is by about 60 meV higher thatow Asg, concentrations is similar to that in the neutron-
the Ih exciton absorption peak position, the DTS profilesirradiated GaAs. The significant deviation from the linearity
exhibit instantaneous rise and decay with a very small DTSin the relatively high excess As concentrations range sug-
as seen in the inset of Figs(@ and 4b) for LT1 and LT4, gests a possibility of a different relaxation process from the
respectively. This indicates that electrons with an excess ertrapping of photoexcited carriers, which occurs in the low

)
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